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Over the past two decades revolutionary 
progress in plant biology became possible 
by focusing resources on a single plant 
reference system, Arabidopsis thaliana. After 
the completion of the Arabidopsis genome 
sequence in the year 2000, a coordinated 
multinational effort was launched to 
“determine the function of every gene 
in Arabidopsis” by the year 2010. While 
this ambitious goal has not yet been fully 
achieved, the Arabidopsis genome is now one 
of the best annotated and serves as the gold 
standard for plant and other genomes. A large 
and international community has established 
genetic toolkits and genomic resources, such 
as sequence-indexed mutant collections and 

comprehensive and easily accessible ‘omics-scale datasets, ranging from transcriptome over 
proteome to the metabolome. The Arabidopsis 2010 program evolved from the studying 
the functions of single genes and gene families to comprehensive systems-wide analyses of 
functional networks, thereby paving the way from descriptive to predictive plant science. 
Progress does not stop here – in the near future, the genomes of one thousand Arabidopsis 
strains and accessions will become available, which will make it possible to exploit existing 
natural variation for addressing fundamental questions in ecology and evolutionary biology 
in an unprecedented manner. Further, due to ease of transformation and existing genetic and 
genomic resources, Arabidopsis will likely serve as a chassis for synthetic plant biology, an 
emerging field and challenge for the next decade of plant research. 

This special issue of Frontiers in Plant Physiology will provide examples on how focusing on 
a single plant model system has impacted and revolutionized many fields of plant research 
and it will provide an outlook on the upcoming challenges and fields of research for the next 
decade of Arabidopsis research.

ARABIDOPSIS 2010 AND BEYOND – 
BIG SCIENCE WITH A SMALL WEED

Drought tolerance in the enhanced suberin 1 (esb1) 
mutant. Figure taken from Franke RB et  al. (2012) 
Suberin goes genomics: use of a short living plant 
to investigate a long lasting polymer. Front. Plant 
Sci. 3:4. doi: 10.3389/fpls.2012.00004
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Over the past two decades revolutionary progress in plant biology
became possible by focusing resources on a single plant refer-
ence system, Arabidopsis thaliana. After the completion of the
Arabidopsis genome sequence in the year 2000, a coordinated
multinational effort was launched to “determine the function of
every gene in Arabidopsis” by the year 2010.

Part of this effort was the German Arabidopsis Functional
Genomics Network (AFGN). Established in 2001, AFGN was
continuously supported for 9 years by the German Research
Foundation (DFG). Over 85 German researchers contributed to
AFGN, partially in close bilateral collaboration with scientists of
the NSF-funded Arabidopsis 2010 initiative.

While the ambitious goal of determining the function of
every Arabidopsis gene has not yet been fully achieved, the
Arabidopsis genome is now one of the best annotated and
serves as the gold standard for plant and other genomes. A
large and international community has established novel meth-
ods, toolkits and genomic resources, such as sequence-indexed
mutant collections and comprehensive and easily accessible
“omics-scale datasets,” ranging from transcriptome over pro-
teome to the metabolome. One prominent example is the
AtGenExpress data set, which was partially realized by AFGN
scientists and serves as the gold standard in microarray-based
transcriptomics.

The Arabidopsis 2010 program evolved from studying the
functions of single genes and gene families to comprehensive
systems-wide analyses of functional networks, thereby paving
the way from descriptive to predictive plant science. Progress
does not stop here—in the near future, the genomes of
1000 Arabidopsis strains and accessions will become available,

which will make it possible to exploit existing natural varia-
tion for addressing fundamental questions in ecology and evo-
lutionary biology in an unprecedented manner. Further, due
to ease of transformation and existing genetic and genomic
resources, Arabidopsis will likely serve as a chassis for syn-
thetic plant biology, an emerging field and challenge for the next
decade of plant research (EU 2020 Vision of Plant Science, 2008;
An International Model for the Future of Plant Science, 2010).

This special issue of Frontiers in Plant Physiology will provides
20 examples from the ongoing research of AFGN and Arabidopsis
2010 members on how focusing on a single plant model system
has impacted and revolutionized many fields of plant research and
it will provide an outlook on the upcoming challenges and fields
of research for the next decade of Arabidopsis research.
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Plant defenses aimed at necrotrophic pathogens appear to be genetically complex. Despite
the apparent lack of a specific recognition of such necrotrophs by products of major R
genes, biochemical, molecular, and genetic studies, in particular using the model plant
Arabidopsis, have uncovered numerous host components critical for the outcome of such
interactions. Although the JA signaling pathway plays a central role in plant defense toward
necrotrophs additional signaling pathways contribute to the plant response network. Tran-
scriptional reprogramming is a vital part of the host defense machinery and several key
regulators have recently been identified. Some of these transcription factors positively
affect plant resistance whereas others play a role in enhancing host susceptibility toward
these phytopathogens.

Keywords: Arabidopsis, necrotrophs, transcriptional regulation,WRKY transcription factors

INTRODUCTION
Plants have developed a highly sophisticated immune system that
enables them to perceive potential invaders and to respond accord-
ingly to ensure host survival. Depending on the modus by which
pathogens are recognized, two branches of plant immunity are cur-
rently distinguished based mainly on studies with the model plant
Arabidopsis thaliana (Dodds and Rathjen, 2010). Pattern triggered
immunity (PTI) is initiated by recognition of molecular struc-
tures characteristic of microbes (designated microbe-associated
molecular patterns; MAMPS) by means of plasma membrane
localized pattern recognition receptors (PRRs; Boller and Felix,
2009). In the case of effector triggered immunity (ETI), prod-
ucts of major resistance (R) genes, usually intracellular recep-
tors, recognize corresponding effector molecules delivered by the
pathogen into the host cell (Block et al., 2008). Although the
molecular connections are not well understood, PTI and ETI
share numerous components and give rise to similar qualitative
responses. In both cases massive transcriptional reprogramming
is a key step to initiate host defenses (Eulgem, 2005). Indeed,
studies of the complex network properties of plant immunity
have illustrated that it is comprised of distinct signaling sectors
that interact with each other in a complex fashion (Tsuda et al.,
2009; Sato et al., 2010). Plant immunity is also regulated by sev-
eral phytohormones, including salicylic acid (SA), jasmonic acid
(JA), and ethylene (ET; Glazebrook, 2005). In general, SA sig-
naling sectors are essential for resistance toward biotrophic and
hemibiotrophic pathogens whereas the JA and ET sectors are
important for immunity toward necrotrophs (Pieterse et al., 2009).
In this article we report on what is currently known on critical
plant responses upon challenge mainly with necrotrophic fungi.
Our focus of attention is directed toward the identified regula-
tory factors that modulate host transcriptional outputs in such
interactions.

ARABIDOPSIS–NECROTROPH PATHOGEN INTERACTIONS
Necrotrophic fungi, including Alternaria brassicicola, Botrytis
cinerea, Fusarium oxysporum, and Sclerotinia sclerotiorum consti-
tute the largest class of fungal plant pathogens and are responsi-
ble for severe crop losses worldwide. Whereas resistance toward
biotrophic pathogens is predominantly mediated by the recog-
nition of pathogen effectors by R gene-encoded intracellular
receptors, no R gene-dependent resistance toward necrotrophic
fungi has been identified. This may in part be a consequence of
the different strategies used by these phytopathogens. Coloniza-
tion by biotrophic pathogens requires maintenance of host cell
integrity at least for a restricted period of time, while the lifestyle
of necrotrophic pathogens is geared to quickly killing host cells.
They do so by employing toxins, various lytic enzymes, and addi-
tional molecules to destroy and decompose plant tissue (van Kan,
2006; Łaźniewska et al., 2010).

In Arabidopsis, resistance to B. cinerea appears to be under
complex genetic control (Rowe and Kliebenstein, 2008). Genetic
and pharmacological studies have identified plant genes and com-
pounds that influence the outcome of host–B. cinerea interactions.
Mutations in Arabidopsis genes encoding enzymes involved in sec-
ondary cell wall formation and cutin biosynthesis, in a pectin
methylesterase, and in a novel membrane localized protein all
enhanced resistance toward this pathogen (Hernandez-Blanco
et al., 2007; Tang et al., 2007; Mang et al., 2009; Raiola et al., 2011).
In contrast,mutations in BIK1, encoding a receptor-like kinase that
functions in ethylene signaling and PTI, and in several autophagy
genes increase plant susceptibility toward B. cinerea (Veronese
et al., 2006; Lai et al., 2011). Similarly, the importance of the JA- and
ET-signaling pathways in plant defense toward B. cinerea has been
inferred from numerous mutant studies, but conflicting reports
and identification of additional cross-communicating pathways
suggest that our understanding of the specific host programs
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required for defense toward this necrotroph remains fragmentary,
and in many cases is also affected by the pathogen isolate (Ferrari
et al., 2007; Llorente et al., 2008; Pieterse et al., 2009; Rowe et al.,
2010; Łaźniewska et al., 2010; El Oirdi et al., 2011). Part of the con-
tradictory results may in part be due to differences in the assays
used (infections on detached leaves versus on intact plants), since
detachment of leaves also triggers the leaf senescence program,
thereby complicating interpretations (Liu et al., 2007).

One critical component appears to be camalexin, the major
phytoalexin of Arabidopsis. Plants deficient in the cytochrome
P450 monooxygenase CYP71B15 (PAD3) that catalyzes the final
step in camalexin biosynthesis are highly susceptible to B. cinerea
infection (Ferrari et al., 2007; Figure 1). Moreover, plants exposed
to treatments that drastically increase camalexin levels (i.e., UV-
C light) are more resistant to this necrotroph (Stefanato et al.,
2009). However, recent studies show that whereas resistance to
some B. cinerea isolates is dependent on the accumulation of
camalexin via JA signaling, this is not the case for other isolates,
indicating that other signaling pathways can be utilized and that
additional defenses are required (Rowe et al., 2010). Moreover,
several mutants including bik1 have been identified that show
enhanced B. cinerea susceptibility despite having wildtype levels
of camalexin or remain fully resistant despite low levels of this
phytoalexin (Veronese et al., 2004, 2006; Denby et al., 2005; Staal
et al., 2008; Walley et al., 2008; Berr et al., 2010).

TRANSCRIPTIONAL REGULATORS INFLUENCING
HOST–NECROTROPH INTERACTIONS
Induced plant defense components may be uncovered by iden-
tifying transcriptional modulators controlling the expression
of downstream regulatory circuits. Indeed, isolation of a JA-
insensitive mutant designated jin1 revealed that the underlying
gene encodes a basic-helix-loop-helix leucine zipper transcrip-
tion factor named MYC2 (Lorenzo et al., 2004). MYC2 was found
to antagonistically regulate two distinct branches of the JA path-
way. Loss-of-MYC2 function rendered plants more resistant to
both biotrophic and necrotrophic pathogens (Lorenzo et al., 2004;
Nickstadt et al., 2004). Several whole-genome transcriptional pro-
files of Arabidopsis leaves inoculated with B. cinerea have been
performed (AbuQamar et al., 2006; Ferrari et al., 2007; Rowe
et al., 2010). These studies revealed massive B. cinerea-induced
transcriptional reprogramming in the host affecting up to 20%
(>4700) of the genes represented on the arrays. Among these are
numerous genes encoding transcription factors. AbuQamar et al.
(2006) identified 30 putative DNA-binding protein genes that were
induced upon B. cinerea infection. Subsequent analyses of 14 loss-
of-function mutants of these genes revealed that ZFAR1, encoding
a novel zinc-finger protein with an ankyrin repeat, is required
for resistance against this pathogen. Transcriptional profiling also
revealed several gene members of the AP2/ERF-type transcription
factor family to be strongly induced upon pathogen challenge.
Members of this family have been shown to modulate expres-
sion of JA- and ET-response genes (Gutterson and Reuber, 2004;
Pieterse et al., 2009). Transgenic Arabidopsis lines over-expressing
ERF1 were sufficient to confer resistance toward the necrotrophic
fungi B. cinerea, F. oxysporum, and P. cucumerina (Berrocal-Lobo
and Solano, 2002; Berrocal-Lobo and Molina, 2004). Similarly,

FIGURE 1 | Leaves of 4-week-old wt, wrky33 and pad3 plants were

infected with droplets containing B. cinerea spores of the isolate 2100

from the SpanishType Culture Collection. After 3 days leaves were
detached and pictures taken. wrky33 and pad3 exhibited a severe
phenotype with fast growing lesions.

over-expression of ERF59/ORA59 increased resistance toward B.
cinerea whereas RNAi-ORA59 silenced lines were more suscep-
tible (Pré et al., 2008). Both ERF1 and ERF59/ORA59 appear to
be key integrators of the JA and ET-signaling pathways (Pieterse
et al., 2009). Moreover, ORA59 was recently shown to be a key
mediator that counteracts SA-mediated suppression of JA/ET-
response genes (Leon-Reyes et al., 2010). The studies on ORA59
function nicely exemplify the interplay between SA, JA and ET-
signaling, and highlight the importance of hormone concentra-
tions and in particular of the kinetics of phytohormone biosynthe-
sis and signaling in determining the final outcome of a particular
plant–pathogen interaction.

Two MYB-type Arabidopsis transcription factors (BOS1/AtMY
B108 and MYB46) have been identified that regulate distinct
host transcriptional responses toward B. cinerea. MYB46 mod-
ulates secondary cell wall biosynthesis in the vasculature of the
stem but also appears to play a role in disease susceptibility
since myb46 mutants show increased disease resistance toward
B. cinerea (Ramírez et al., 2011). Elevated resistance however was
not directly correlated with any major alterations in cell wall poly-
mer constituents. Transcriptomic analysis revealed that most of
the differentially expressed genes in the myb46 mutant were down-
regulated, with a significant number of genes predicted to function
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in cell wall metabolism and extracellular matrix remodeling and
plant defenses (in particular numerous class III peroxidases, but
also in extracellular plant defenses). A few of the peroxidase
genes have been shown to enhance resistance to B. cinerea upon
over-expression (Chassot et al., 2007).

In contrast, loss-of-BOS1/AtMYB108 function resulted in
increased plant susceptibility to B. cinerea and A. brassicicola
infection (Mengiste et al., 2003). Pathogen-induced activation of
BOS1/AtMYB108 expression partly requires an intact JA signaling
pathway. BOS1/AtMYB108 physically interacts with and is ubiqui-
tinated by a RING E3 ligase designated BOI (Luo et al., 2010). This
regulatory relationship between these two proteins appears to be
important since RNAi-BOI silenced lines were equally susceptible
to B. cinerea as were bos1 mutants.

Two NAC family proteins, ANAC019 and ANAC055, were
demonstrated to function as activators of JA-induced defense
genes downstream of MYC2 (Bu et al., 2008). An anac019 anac055
double mutant showed strong resistance toward B. cinerea infec-
tion similar to that observed for myc2 mutant plants, whereas
ANAC019 and ANAC055 over-expressor lines showed increased
susceptibility. In a second study, the NAC transcription factor
ATAF1 (ANAC002) was also found to be a negative regulator of
defense responses against necrotrophic fungi (Wang et al., 2009).
B. cinerea growth was retarded in the ataf1-2 mutant, while over-
expression of ATAF1 resulted in severe susceptibility to B. cinerea
and to A. brassicicola. Where within the genetic network ATAF1
acts however remains to be determined.

Alterations in local chromatin structure underlying promoters
can be a key component involved in controlling highly restricted
expression of genes. Two such players, namely SPLAYED (SYD), a
SWI/SNF class chromatin remodeling ATPase, and SET DOMAIN
GROUP8 (SDG8), a histone methyltransferase were identified
that affect distinct plant defense responses. SYD was found to
be directly recruited to promoters of several JA/ET-response
genes, and syd mutants were susceptible to B. cinerea but not
to the biotrophic bacterium Pseudomonas syringae (Walley et al.,
2008). Similarly, SDG8 was required to induce a subset of JA/ET-
response genes and sdg8-1 mutant plants showed reduced resis-
tance toward A. brassicicola and B. cinerea (Berr et al., 2010).
Interestingly, syd and sdg8 mutants both have wildtype-like levels
of camalexin.

WRKY TRANSCRIPTION FACTORS IN DEFENSE TOWARD
NECROTROPHS
Numerous members of the large zinc-finger-type WRKY tran-
scription factor family have been identified to play key roles in
regulating defense responses in various plant species to different
pathogens (Pandey and Somssich, 2009). Arabidopsis WRKY70
was shown to be important for resistance against the necrotrophic
bacterium Pectobacterium carotovorum (formerly Erwinia caro-
tovora), and it was proposed to act as an integrator of SA and JA
signaling (Li et al., 2004). This gene was also identified among the
30 putative DNA-binding protein genes that were induced upon B.
cinerea infection, and wrky70 mutants exhibited enhanced suscep-
tibility to B. cinerea, although interestingly, these plants remained
fully resistant to the necrotroph A. brassicicola (AbuQamar et al.,
2006).

FIGURE 2 | Leaves of 4-week-old wt (A,C) and wrky33 (B,D) plants

were infected with droplets containing B. cinerea spores. Macroscopic
pictures (A,B) were taken 7 day past infection and show conidiophores
growing only on wrky33. For the micrographs (C,D) leaves were stained
with trypan blue 64 h past infection to visualize growing fungal mycelium
and dying cells. While on wt the fungus died within the boundaries of the
droplet, fast growing mycelium was observed on wrky33.

In contrast, wrky33 mutants were found to be highly susceptible
to both B. cinerea and A. brassicicola indicating that WRKY33 is a
key positive regulator of defenses toward these necrotrophic fungi
(Zheng et al., 2006; Figures 1 and 2). Recent studies are beginning
to uncover the mode of action by which WRKY33 integrates host
signaling to confer resistance upon pathogen challenge. WRKY33
has been shown to interact with MAP KINASE 4 (MPK4) and the
MPK4 substrate MKS1 within the nucleus (Andreasson et al., 2005;
Qiu et al., 2008). Upon challenge with P. syringae or the MAMP
flg22, MPK4 phosphorylates MKS1, which results in the release of
MKS1 and WRKY33 from the complex, and binding of WRKY33
to the PAD3 promoter. Activation of PAD3 results in the increased
synthesis of camalexin. The importance of WRKY33 for camalexin
biosynthesis was substantiated in later experiments employing B.
cinerea (Mao et al., 2011). However, in this case activation of
WRKY33 expression and WRKY33 phosphorylation were depen-
dent on the MAP KINASES 3 (MPK3) and 6 (MPK6). Whether
distinct MAP kinase pathways are employed dependent on MAMP
treatment or on the type of pathogen used for infection, or whether
differences in experimental design led to these conflicting results
remains to be clarified. That the former may be the case is exempli-
fied by the latest observations demonstrating that whereas MPK3
plays a major role in maintenance of basal resistance toward B.
cinerea it is MPK6 that is the major player in MAMP-triggered
resistance against the necrotrophic pathogen (Galletti et al., 2011).
One should note however that the vast majority of such studies
have been performed on Arabidopsis seedlings and it remains to
be determined whether the same signaling pathways are utilized
in mature plants.

Interestingly, induced expression of WRKY33 itself appears
to be regulated by WRKY factors including autoregulation by
WRKY33 (Lippok et al., 2007; Mao et al., 2011). Recently two
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other WRKY factors, WRKY50 and WRKY51, have been iden-
tified that negatively influence the outcome of Arabidopsis–
B. cinerea interactions (Gao et al., 2011). Mutations in SSI1,
encoding a plastid-localized stearoyl-acyl-carrier protein desat-
urase, render plants susceptible to B. cinerea. WRKY50 and
WRKY51 contribute to this susceptibility since ssi1 wrky50
wrky51 triple mutants were as resistant toward this pathogen
as wild type plants. Genetic studies suggest that WRKY50/51
mediate SA-dependent repression of JA inducible defense
responses but the mechanisms how this is achieved remain
elusive.

SUMMARY AND PERSPECTIVES
The molecular basis for resistance toward necrotrophic pathogens
is still mostly unknown despite recent advances that have uncov-
ered distinct signaling pathways, enzymes, and key regulatory
factors involved in this process. Since comprehensive transcrip-
tional reprogramming is a major determinant in this process
we need to unravel the interwoven regulatory circuits and
define key regulatory nodes that ultimately influence proper
host defense gene expression. In the case of WRKY33 we are
currently using global expression microarrays and chromatin

immunoprecipitation combined with next generation sequencing
(ChIP-Seq) to identify downstream target genes. Our particular
focus is on uncovering direct targets encoding additional tran-
scriptional regulators that may define such regulatory sub-nodes.
These studies should allow us to define the networks in which
WRKY33 acts to maintain robust plant immunity toward B. cinerea
infection.

Equally important however will be to uncover the numerous
mechanisms employed by necrotrophic pathogens to overcome
plant resistance. We still know every little about the evolution-
ary forces that shape plant–necrotrophic fungi interactions. As
recently outlined by Rowe and Kliebenstein (2010) one reason for
this lack of knowledge has to due with our previous failure to
consider and use necrotrophic diversity in former studies. Thus
future research needs to embrace the intraspecific variation that
exists in these pathogens to fully grasp the biological complexity
of plant–necrotroph interactions.
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Receptor-like kinases (RLK) are among the largest gene families encoded by plant genomes.
Common structural features of plant RLKs are an extracellular ligand binding domain,
a membrane spanning domain, and an intracellular protein kinase domain. The largest
subfamily of plant RLKs is characterized by extracellular leucine-rich repeat (LRR-RLK) struc-
tures that are known biochemical modules for mediating ligand binding and protein–protein
interactions. In the frame of the Arabidopsis Functional Genomics Network initiative of the
German Research Foundation (DFG) we have conducted a comprehensive survey for and
functional characterization of LRR-RLKs potentially implicated in Arabidopsis thaliana immu-
nity to microbial infection. Arabidopsis gene expression patterns suggested an important
role of this class of proteins in biotic stress adaptation. Detailed biochemical and physi-
ological characterization of the brassinosteroid insensitive 1-associated receptor kinase 1
(BAK1) revealed brassinolide-independent roles of this protein in plant immunity, in addition
to its well-established function in plant development.The LRR-RLK BAK1 has further been
shown to form heteromeric complexes with various other LRR-RLKs in a ligand-dependent
manner, suggesting a role as adapter or co-receptor in plant receptor complexes. Here, we
review the current status of BAK1 and BAK1-interacting LRR-RLKs in plant immunity.

Keywords: plant innate immunity, LRR-RLKs, receptor complexes, BAK1

INTRODUCTION
Plant receptor-like kinases (RLKs) belong to the monophyletic
interleukin-1 receptor-associated kinase (IRAK) or RLK/Pelle
family (Shiu et al., 2004). 600 family members make this fam-
ily one of the largest in Arabidopsis thaliana (Lehti-Shiu et al.,
2009). Likewise, sequencing of the genomes of rice, poplar, soy-
bean, or potato has revealed the presence of large RLK families
in these plants. RLKs are commonly built of N-terminal ligand
binding domains and C-terminal serine/threonine protein kinase
domains (Morillo and Tax, 2006). Many RLKs are located in
the plasma membrane. In these cases, transmembrane domains
flanked by extra- and intra-cellular juxtamembrane domains sep-
arate the ligand sensor/protein interaction domains and pro-
tein kinase domains. The current mechanistic mode of action
of RLK proteins comprises ligand binding-induced conforma-
tional switches within the RLK proteins that trigger downstream
signaling events subsequently activating a signal-specific cellular
program (Chinchilla et al., 2009). As numerous RLKs share con-
served structural features within the extracellular domains, they
can be grouped into protein subfamilies (Shiu et al., 2004). A.
thaliana encodes ∼235 RLKs with extracytoplasmic leucine-rich
repeat (LRR) domains (LRR-RLK), which is the largest RLK sub-
family in this plant (Lehti-Shiu et al., 2009). Forward and reverse
genetic approaches have revealed various physiological functions
of Arabidopsis LRR-RLKs (Morillo and Tax, 2006). Brassinos-
teroid insensitive 1 (BRI1), the receptor for the plant steroid
hormone, brassinolide (BL), constitutes one of the best stud-
ied plant LRR-RLK, and was shown to regulate stem elongation,
vascular differentiation, seed size, fertility, flowering time, and

senescence (Li et al., 2002; Nam and Li, 2002; Wang et al., 2005)
in a hormone-dependent manner. Binding of brassinolide to an
island domain that folds back between LRR repeat 21 and 22
was suggested to provide a docking platform for the formation
of heteromeric complexes with another LRR-RLK, BAK1 (BRI1-
associated receptor kinase 1). Another subset of plant LRR-RLKs
has been shown to function as pattern recognition receptors medi-
ating the recognition of microbial surface structures (pathogen
or microbe-associated molecular patterns, PAMPs/MAMPs) and
plant innate immunity to microbial infection (Nürnberger and
Kemmerling, 2006). For example, Arabidopsis FLS2 (Flagellin
Sensing 2) and EFR (EF-Tu Receptor) sense bacterial flagellin
and elongation factor EF-Tu, and thereby confer basal immu-
nity to microbial pathogens displaying the respective cognate
ligand (Gomez-Gomez and Boller, 2000; Zipfel et al., 2006). The
large number of LRR-RLK that are encoded by the A. thaliana
genome and the proven role of FLS2 in plant immunity have
prompted us to undertake a systematic survey for additional LRR-
RLKs that mediate plant–pathogen encounters (Kemmerling et al.,
2007).

A TRANSCRIPTOMICS-BASED SEARCH FOR LRR-RLKS WITH
PUTATIVE ROLES IN PLANT DEFENSE TO MICROBIAL
INFECTION
Responses to abiotic or biotic stimuli in plants have often
been reported to be associated with increased accumulation of
transcripts encoding proteins that are required for initiation
and/or execution of adaptive physiological programs. A pre-
ferred technology to identify such proteins is a genome-based

www.frontiersin.org November 2011 | Volume 2 | Article 88 | 11

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2011.00088/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=40721&sname=birgitkemmerling
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=40421&sname=thorstenn%C3%Bcrnberger
mailto:{birgit.kemmerling@zmbp.{\penalty -\@M }uni-tuebingen.de}; {nuernberger@uni-tuebingen.de}
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Kemmerling et al. LRR-RLKs in plant immunity

analysis of stimulus-induced alterations within the entire tran-
scriptome of a whole organism, an organ, individual cell lay-
ers, or even single cells (Kilian et al., 2007). The AtGenExpress
initiative funded by the German Research Foundation (DFG)
aimed at establishing transcriptome patterns for various devel-
opmental stages, tissues, and adaptive responses to abiotic and
biotic stresses. Contributing partner labs agreed upon using the
same A. thaliana ecotype Col-0 seed stock, comparable con-
ditions for plant growth and procedures for plant treatment,
such as infections that were representative of and informative
for the respective plant research communities. Likewise, pro-
cedures for data handling, normalization of raw data and sta-
tistical analyses followed standards shared by all participating
groups.

Within the frame of this program, we analyzed microbial
infection or microbial pattern-induced transcript accumulation
in infected or infiltrated Arabidopsis Col-0 leaves. Experiments
conducted included treatments with bacterial patterns flagellin
(flg22; Felix et al., 1999), lipopolysaccharide (LPS; Dow et al.,
2000), or HrpZ (Lee et al., 2001), the Phytophthora parasitica-
derived protein NLP (Fellbrich et al., 2002; Qutob et al., 2006;
Ottmann et al., 2009). In addition, plants were infected with dif-
ferent strains of the bacterial pathogen, Pseudomonas syringae
pv. tomato (virulent strain DC3000; avirulent strain DC3000

AvrRpm1; non-pathogenic strain DC3000 hrcC−) or P. syringae
pv. phaseolicola (Qutob et al., 2006; Kemmerling et al., 2007).
Experimental details and information on protocols and materials
used are found at The Arabidopsis Information Resource (TAIR;
www.arabidopsis.org).

The ATH1 gene array (Affymetrix©) contains oligonucleotide
sequences representing 221 LRR-RLK encoding Arabidopsis genes.
We have analyzed transcript accumulation of these genes for the
experimental set-ups as described above. Table 1 shows those LRR-
RLK genes of which expression was enhanced by the respective
treatments. In total, a subset of 49 LRR-RLK genes showed sig-
nificantly increased (more than twofold) transcript accumulation
upon one or more treatments. It is important to note, that individ-
ual LRR-RLK genes did not show stimulus-specific gene expres-
sions, but were expressed upon various treatments (Postel et al.,
2010). This is consistent with the view that plants mount generic
defenses against infection rather than microbe or pattern-specific
immune responses. Among those LRR-RLKs found to be expressed
upon microbial infection or treatment were a number of those that
are indeed implicated in plant immunity. These genes encode for
example the pattern recognition receptors FLS2 and EFR, as well
as the flagellin-induced LRR-RLK FRK1 (He et al., 2006; Zipfel
et al., 2006; Table 1). Strikingly, numerous LRR-RLKs encoding
proteins previously implicated in developmental programs were

Table 1 | Microarray expression analysis of Arabidopsis LRR-RLK genes.

AGI code Name Fold induction AGI code Name Fold induction

At1g05700 9.8 At2g19190 FRK1 102.8

At1g09970 RLK7/IKU2 6.9 At2g24130 2

At1g12460 2.1 At2g31880 SOBIR1 3.7

At1g14390 2.1 At3g02880 3.7

At1g16670 3.7 At3g09010 6.3

At1g17750 PEPR2 5.7 At3g13380 BRL3 4.8

At1g34210 SERK2 2.5 At3g28450 2.4

At1g34420 3.2 At3g47580 2.9

At1g35710 3.5 At4g08850 4.4

At1g51790 9.3 At4g10390 4.2

At1g51800 IOS1 24.8 At4g28490 HAESA 3.5

At1g51820 32.9 At4g33430 BAK1 3.6

At1g51850 263.7 At4g39270 7.2

At1g51860 149.7 At5g01950 2.9

At1g51890 30.4 At5g15730 3.5

At1g53430 3.6 At5g20480 EFR 30.3

At1g55610 BRL1 2.3 At5g25930 10.5

At1g56120 6.7 At5g42440 4.2

At1g66830 9.9 At5g46330 FLS2 2.2

At1g69270 RPK1 2.6 At5g48380 BIR1 3.1

At1g71830 SERK1 3.1 At5g53320 8.6

At1g73080 PEPR1 4.1 At5g54590 4.6

At1g74360 34.1 At5g59680 13.8

At2g02220 PSKR1 10.9 At5g65240 2.5

At2g13790 SERK4 3.2

Maximum fold inductions of 49 LRR-RLK genes induced after PAMP or pathogen treatment.
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found to be expressed upon infection, suggesting a hitherto unde-
tected role of these proteins in plant immunity in addition to
their well-established role in plant development. Such proteins
comprise members of the somatic embryogenesis receptor kinase
family (SERK1, SERK2, SERK3/BAK1, SERK4/BKK1; Albrecht
et al., 2008),HAESA (has a role in floral organ abscission; Jinn et al.,
2000), and brassinolide receptors BRL1, BRL3 (Cano-Delgado
et al., 2004). Altogether, identification of receptor kinases impli-
cated in brassinolide perception and signaling raised the question
whether or not the plant hormone, brassinolide, is required for
plant immunity.

BAK1 CONTROLS THE EXTENT OF NECROTIC CELL DEATH IN
INFECTED PLANTS IN A BRASSINOLIDE-INDEPENDENT
MANNER
Brassinolides (BL) regulate plant growth, differentiation, and
development (Vert et al., 2005). Hormone binding to the ectopic
domain of BRI1 results in the establishment of a docking site
for heteromeric complex formation with BAK1 (Hothorn et al.,
2011; She et al., 2011). Infection-induced transcript accumula-
tion of four members of the SERK family initiated analyses on
a potential role of BAK1 in Arabidopsis innate immunity to bac-
terial infection. Reverse genetic approaches using various bak1
loss-of-function alleles in infection experiments with the viru-
lent bacterial pathogen, P. syringae pv. tomato strain DC3000, or
the fungal pathogen, Alternaria brassicicola, yielded substantially
enhanced disease symptom formation on the mutants relative to
those observed in wild-type plants (Kemmerling et al., 2007).
Symptom development in bak1 mutants was characterized by
extensive spreading of necrotic areas beyond the sites of infection.
Growth rates of fungal pathogens A. brassicicola or Botrytis cinerea,
but not of various bacterial (P. syringae pv. tomato) strains were
increased in bak1 mutants. These findings suggested that accel-
erated cell death facilitated growth of necrotrophic pathogens,
but not of (hemi)biotrophic pathogens (Kemmerling et al., 2007).
A pathophysiological investigation of the bak1bkk1 (serk3serk4)
double mutant revealed increased levels of necrosis and suscepti-
bility to fungal infection, suggesting partial functional redundancy
of these two proteins in plant immunity to microbial infection
(He et al., 2007; Albrecht et al., 2008). In sum, these findings
demonstrate a role of BAK1 in controlling infection-induced cell
death.

BAK1 gene expression in infected plants suggested a role as first
messenger of the plant hormone BL in evoking plant immunity
and cell death control (Kemmerling et al., 2007; Chinchilla et al.,
2009; Postel et al., 2010). However, treatment with BL prior to
infection assays did not complement the susceptibility to fungal
infection observed in bak1 mutants. Importantly, growth defects
in bak1 mutants that are due to deficiencies in BL sensing were
rescued by BL treatment. Moreover, other Arabidopsis genotypes
deficient in BL biosynthesis or BL sensitivity were not more sus-
ceptible to fungal infection. Likewise, transcriptome responses to
BL treatment and bacterial or fungal infection were very dissim-
ilar (Kemmerling et al., 2007). Altogether, these findings indicate
a BL-independent function of BAK1 in plant immunity programs
that is separable from the BL-dependent activity of BAK1 in plant
development.

BAK1 IS REQUIRED FOR THE FUNCTIONALITY OF PLANT
PATTERN RECOGNITION RECEPTORS OF THE LRR-RLK TYPE
Activation of plant basal immunity to host-adapted (virulent)
pathogens as well as plant immunity to host non-adapted (non-
virulent) microbes is based upon recognition of microbe-derived
molecular surface structures (patterns) through plant pattern
recognition receptors (Nürnberger et al., 2004; Jones and Dangl,
2006; Boller and Felix, 2009; Postel and Kemmerling, 2009). Two
major types of plant pattern recognition receptors have been
identified, including LRR-RLKs and RLKs with ectopic domains
composed of bacterial lysin-motifs (LysM-RLK). Typical pattern
recognition receptors of the LRR-RLK type comprise Arabidopsis
sensors for bacterial flagellin (FLS2) or bacterial elongation fac-
tor Tu (EFR). Our genome-wide survey for LRR-RLKs of which
expression is triggered by P. syringae-derived flagellin (flg22; Felix
et al., 1999) revealed that flg22 treatment indeed resulted in
increased levels of BAK1 transcripts. Since bak1 mutants showed
wild-type levels of flg22 binding, a role of BAK1 in flagellin bind-
ing was ruled out (Chinchilla et al., 2007). However, subsequent
analyses of flagellin-induced cellular responses revealed partial
impairment of all responses in different bak1 genotypes. Thus,
BAK1 is an element of flagellin-induced signaling subsequently
leading to the activation of inducible plant immune responses.
Notably, when exogenously administered, BL did not rescue fla-
gellin response deficiencies in bak1 genotypes which is in agree-
ment with the aforementioned BL-independent role of BAK1 in
plant immunity-associated programs, such as basal immunity or
infection-induced cell death (Chinchilla et al., 2007, 2009).

Ligand-induced interaction of BRI1 and BAK1 in brassinolide-
dependent plant development can serve as a paradigm for the
co-operation of heteromeric LRR-RLKs. Indeed, flg22 treatment
of Arabidopsis seedlings resulted within a few seconds in het-
eromeric complex formation between the two LRR-RLKs (Chin-
chilla et al., 2007). It was further shown that BAK1 kinase activity
was required for flg22-inducible plant responses, and that BAK1
likely phosphorylated itself as well as FLS2 within 15 s upon flg22
treatment (Schulze et al., 2010; Schwessinger et al., 2011). Likewise,
EF-Tu responses were reduced in bak1 genotypes (Chinchilla et al.,
2007), and the EF-Tu receptor EFR and BAK1 were shown to inter-
act physically in a ligand-dependent manner (Schwessinger et al.,
2011). Altogether, these findings suggest that BAK1 functions as an
adapter protein in complexes with various LRR-RLKs (BRI1, FLS2,
EFR) and that ligand-specific heteromerization of BAK1 with dif-
ferent LRR-RLKs gives rise to the activation of a ligand-specific
plant response (Chinchilla et al., 2009; Postel et al., 2010). Likewise,
SERK4/BKK1, a close homolog of BAK1 (Albrecht et al., 2008) has
recently been shown to act in tandem with BAK1 thereby facili-
tating full activation of plant immunity to infection (Roux et al.,
2011). Phosphorylation by BAK1 of U-Box E3-ubiquitin ligases
PUB12 and PUB13 activates proteasome-dependent degradation
of FLS2, suggesting that BAK1 may not only be involved in pattern
signaling, but may also determine temporary desensitization of
the system and PRR turnover (Lu et al., 2011).

Recently, a novel bak1 mutant allele was isolated that carries a
point mutation in the kinase domain (Schwessinger et al., 2011).
This mutant allele was impaired in PAMP responsiveness, but
lacked the cell death phenotypes and BL-specific deficiencies in
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plant growth. The mechanistic basis of the observed functional
differences is currently unclear. Nevertheless, this novel mutant
allele will prove valuable in future attempts to unravel how sig-
nal specificity is maintained in three different BAK1-dependent
physiological programs.

LysM-domain RLKs mediate the recognition of microbial pat-
terns including fungal chitin (Miya et al., 2007) or bacterial pep-
tidoglycan (our unpublished findings) and immunity to fungal or
bacterial infection, respectively. However, chitin or peptidoglycan-
inducible responses were unaltered in bak1 genotypes relative to
those observed in wild-type lines, suggesting that plant pattern
recognition receptors of the LysM-RLK type do not require BAK1
activity.

BAK1 IS A TARGET OF IMMUNE SUPPRESSION BY
BACTERIAL EFFECTORS
PAMP-triggered immunity (PTI) is an efficient layer of immu-
nity to infection by host non-adapted pathogens. In turn, host-
adapted pathogens have acquired means to strive on host plants
by suppressing PTI (Nürnberger et al., 2004). Bacterial, fungal,
or oomycete phytopathogens produce multiple effector proteins
many of which are translocated to the host cells to suppress
host immunity. P. syringae pv. tomato produces two effectors
AvrPto and AvrPtoB, both of which have been shown to suppress
PTI triggered by bacterial flagellin (He et al., 2006). Elucida-
tion of the 3D-structure revealed that the tertiary structure of
AvrPto is similar to that of protein kinase inhibitors (Xing et al.,
2007). Shan et al. (2008) therefore suggested that interruption of
PTI might already occur at the level of pattern sensing through
FLS2/BAK1 interaction. Over-expression of AvrPto and subse-
quent co-immunoprecipitation experiments showed interaction
of the effector with FLS2 and BAK1, suggesting that PTI was sup-
pressed through interference with the receptor complex (Xiang
et al., 2008). Newer studies of this group show that FLS2 but not
BAK1 might be the direct target of AvrPto (Xiang et al., 2011).
Another study provided evidence that AvrPto interacted prefer-
entially with the kinase domain of BAK1, but not with that of
FLS2 (Shan et al., 2008). The same study also showed that AvrPto
interfered with flagellin-induced heterodimerization of BAK1 and
FLS2. While the structural requirements of the RLKs for inter-
action with the bacterial effector AvrPto remain elusive, these
findings indicate that one mechanism by which bacterial effector-
mediated suppression of basal immunity is brought about is the
interference with pattern recognition receptor complex function.
It remains to be shown whether interaction of AvrPto with the
adapter LRR-RLK BAK1, which interacts with several pattern
recognition receptors (FLS2, EFR, and likely others) and there-
fore constitutes a key node in PTI activation, is the preferred
immunosuppressive mode of action of this effector.

BIR1 IS A NEGATIVE REGULATOR OF
IMMUNITY-ASSOCIATED BAK1 FUNCTION
As constitutive activation of BAK1-dependent immune responses
is likely detrimental to plant growth, negative regulatory control
mechanisms for plant immune programs have been suggested
(Chinchilla et al., 2009; Mazzotta and Kemmerling, 2011). A screen
for BAK1-interacting proteins has been performed that revealed
BAK1-interacting RLK (BIR1) as a potential interaction partner

of BAK1 in planta (Gao et al., 2009). Phenotypes associated with
loss of BIR1 included spontaneous cell death that was dependent
on salicylic acid and thereby resembled hypersensitive cell death
(HR) observed during effector-triggered immunity (ETI). Double
mutants with known mutants in the ETI signaling cascade as eds1,
pad4, and ndr1 show partial suppression of the bir1 cell death
phenotype supporting its involvement in ETI control. Indeed,
bir1-1 plants showed enhanced resistance to virulent races of the
biotrophic oomycete, Hyaloperonospora arabidopsidis, suggesting
that BAK1 serves a negative regulatory role in ETI. The authors
of this study suggested a model in which BAK1/BIR1 complexes
guard ETI immune receptors in the resting state (at times when
there is no infection) thereby preventing untimely activation of
ETI and hypersensitive cell death. Upon infection with an aviru-
lent pathogen, manipulation by microbial effectors of unknown
host plant targets leads to a release of immune receptors from the
BAK1/BIR1 dock thereby activating HR and subsequent execution
of ETI (Gao et al., 2009). Very recently, an Arabidopsis calcium-
dependent phospholipid-binding protein (BON1) was identified
that interacts physically with BIR1 and BAK1 in planta and, as
BIR1, is phosphorylated by BAK1 in vitro (Wang et al., 2011).
bon1 mutant phenotypes enhanced bir1 mutant cell death and
ETI phenotypes, indicating that BIR1, BON1, and BAK1 might
form a tripartite complex as a negative control element for the
activation of ETI.

BAK1 INTERACTS WITH LRR-RLKS ATPEPR1 AND AtPEPR2
Our genome-wide transcriptomics-based survey for LRR-RLKs
revealed that PAMP treatment and bacterial infection resulted
in accumulation of transcripts encoding the LRR-RLK, AtPEPR1,
and its close homolog AtPEPR2 (Table 1). Both constitute func-
tionally redundant LRR-RLKs that mediate recognition of plant
peptides AtPEP1 and AtPEP2 (Huffaker et al., 2006; Yamaguchi
et al., 2006, 2010; Krol et al., 2010). AtPEPs are plant-derived
peptides that are produced upon wounding, PAMP treatment,
or microbial infection (Yamaguchi and Huffaker, 2011), and
AtPEP1 treatment of Arabidopsis plants triggers innate immune
responses and enhanced resistance to Pythium irregulare infec-
tion (Huffaker et al., 2006; Yamaguchi et al., 2006). AtPEPR1 and
AtPEPR2 were shown to interact physically with BAK1 (Postel
et al., 2010; Schulze et al., 2010). Likewise, AtPEP1 and AtPEP2-
inducible responses did not only require AtPEPR1 and AtPEPR2,
but also BAK1 (Krol et al., 2010; Schulze et al., 2010) suggest-
ing again a role of BAK1 as an adapter protein in LRR-RLK
receptor function. The AtPEPR1/AtPEPR2/BAK1 receptor com-
plex is therefore likely to function mechanistically similar to
the FLS2/BAK1 or EFR/BAK1 complexes in plant immunity. A
major difference between these complexes is that the latter are
assembled upon perception of a microbial pattern, whereas the
AtPEPR1/AtPEPR2/BAK1 receptor complex is formed upon per-
ception of plant-derived AtPEP1 and AtPEP2. These peptides are
thought to represent so-called danger signals that are produced
upon host damage inflicted by bacterial infection (Boller and
Felix, 2009). Physiologically, these signals are believed to potentiate
PAMP-inducible plant responses (Huffaker and Ryan, 2007; Yam-
aguchi and Huffaker, 2011) thereby resembling animal cytokines
mediating activation of animal innate immune responses, such as
inflammasome activation.
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FIGURE 1 | Schematic overview of Arabidopsis LRR-RLKs interacting

with BAK1. While currently BRI1 is the only known BAK1-interacting
LRR-RLK involved in developmental processes (blue area), several other
RLKs are involved in plant innate immunity (PTI, green area; ETI orange
area).

CONCLUSION
Transcriptome-based identification of receptor kinases potentially
implicated in different physiological programs (development,

innate immunity) has paved the way for the functional analy-
sis of plant receptor proteins with dual functions. For example,
research over the past several years has provided ample evidence
that BAK1 serves both brassinolide-dependent roles in plant devel-
opment and brassinolide-independent functions in plant immu-
nity. Mechanistically, functionality of BAK1 is brought about
by heteromeric complex formation with other LRR-RLKs that
mediate regulatory activities of BAK1 in different physiological
programs. Figure 1 provides an overview of the interactions of
BAK1 and its implications in plant development and immunity.
Importantly, BAK1 can function as both positive and negative reg-
ulatory component. For example, positive regulatory functions of
BAK1 comprise stimulus-induced complex formations with LRR-
RLKs BRI1, FLS2, EFR, or AtPEPR1/AtPEPR2. In turn, negative
regulatory functions of BAK1 comprise constitutive interactions
with LRR-RLKs, such as BIR1. Importantly, BAK1 appears to be
a control element of virtually all elements of the plant immune
system comprising PTI, ETI, and the control of infection-induced
necrotic cell death. One of the major challenges of the future will
be to unravel at the molecular level how signal specificity within
BAK1-dependent physiological programs is determined.
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Aldehyde dehydrogenases (ALDHs) are a family of enzymes which catalyze the oxidation
of reactive aldehydes to their corresponding carboxylic acids. Here we summarize mole-
cular genetic and biochemical analyses of selected Arabidopsis ALDH genes. Aldehyde
molecules are very reactive and are involved in many metabolic processes but when they
accumulate in excess they become toxic. Thus activity of aldehyde dehydrogenases is
important in regulating the homeostasis of aldehydes. Overexpression of some ALDH
genes demonstrated an improved abiotic stress tolerance. Despite the fact that several
reports are available describing a role for specific ALDHs, their precise physiological roles
are often still unclear.Therefore a number of genetic and biochemical tools have been gen-
erated to address the function with an emphasis on stress-related ALDHs. ALDHs exert
their functions in different cellular compartments and often in a developmental and tis-
sue specific manner. To investigate substrate specificity, catalytic efficiencies have been
determined using a range of substrates varying in carbon chain length and degree of car-
bon oxidation. Mutational approaches identified amino acid residues critical for coenzyme
usage and enzyme activities.

Keywords: aldehyde dehydrogenases, aminoaldehyde dehydrogenases, betaine aldehyde dehydrogenases, coen-

zyme binding, enzyme activities, stress tolerance

INTRODUCTION
Aldehyde dehydrogenases (ALDHs) represent an evolutionary
conserved protein superfamily of NAD(P)+-dependent enzymes
that metabolize a wide range of endogenous and exogenous
aliphatic and aromatic aldehydes, which are toxic, if their steady
state level is not strictly regulated. A steadily increasing number of
ALDHs has been identified in almost all taxa (Sophos and Vasil-
iou, 2003), but a comprehensive structural and functional analysis
has so far only be performed on the human ALDHs (Marchitti
et al., 2008). Although the completion of a number of genome
projects in recent years has led to the identification of ALDH
protein superfamilies of some lower and higher plant species, as
Physcomitrella patens, Arabidopsis, maize, and rice (Kirch et al.,
2004; Wood and Duff, 2009; Jimenez-Lopez et al., 2010; Kotchoni
et al., 2010), their physiological roles are largely unclear. The inter-
est in studying ALDHs is triggered by available data that indicate
essential functions of ALDHs in growth, development, and stress
adaptation. The maize mitochondrial ALDH2B2 has been iden-
tified as the nuclear restorer of cytoplasmic male sterility (Cui
et al., 1996; Liu et al., 2001). The rice mitochondrial ALDH fam-
ily 2 probably is essential for the detoxification of acetaldehyde
during reaeration after submergence (Tsuji et al., 2003), whereas
OsALDH7B6 is necessary for seed maturation and maintenance of
seed viability by detoxifying aldehydes generated by lipid peroxi-
dation (Shin et al., 2009). Nair et al. (2004) showed that the reduced
epidermal fluorescence1 (ref1) mutant of Arabidopsis is caused by a

mutation in the ALDH2C4 gene (At3g24503) and that ALDH2C4
plays an important role in the phenyl-propanoid pathway, being
involved in ferulic acid and sinapic acid biosynthesis. The Ara-
bidopsis ALDH2B4 may play a role in the pyruvate dehydrogenase
bypass pathway (Wei et al., 2009).

The activities of aldehyde dehydrogenases seem to be crucial
to regulate the imbalanced accumulation of toxic aldehydes in
plants exposed to stress conditions. Different plant ALDH genes
have been reported to respond to environmental stress conditions
such as dehydration, salinity, or excessive light. Overexpression
of selected ALDH genes confers enhanced stress tolerance to
transgenic plants, which demonstrates the importance of ALDH
proteins in stress responses (Deuschle et al., 2001, 2004; Kirch et al.,
2001, 2005; Bouché et al., 2003; Sunkar et al., 2003; Kotchoni et al.,
2006; Rodrigues et al., 2006).

The Arabidopsis thaliana genome encodes 14 genes belong-
ing to nine different aldehyde dehydrogenase families ranging
from substrate specific to variable substrate ALDH proteins (Kirch
et al., 2004; Table 1). In this review we summarize the current
knowledge on selected aldehyde dehydrogenases, which have been
studied in our laboratory, using genomic, and biochemical tools.
The focus has been on the functional analysis of selected mem-
bers of different Arabidopsis ALDH families, implicated in abiotic
stress tolerance. A platform encompassing genetic and molecular
tools was developed for Arabidopsis ALDH genes with a potential
role in osmotic stress adaptation and novel ALDHs. Functional
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Table 1 | Localization and putative physiological functions of the Arabidopsis thaliana ALDH protein superfamily.

Protein Locus Localization Putative function or pathway involved Reference

ALDH2B4 At3g48000 Mitochondria Pyruvate dehydrogenase bypass pathway Wei et al. (2009)

ALDH2B3 At1g23800 Mitochondria

ALDH2C4 At3g24503 Cytosol Phenyl-propanoid pathway (ferulic acid and sinapic acid biosynthesis) Nair et al. (2004)

ALDH3F1 At4g36250 Cytosol Variable substrate ALDH, stress-regulated detoxification pathway This review

ALDH3H1 At1g44170 Cytosol Variable substrate ALDH, stress-regulated detoxification pathway This review

ALDH3I1 At4g34240 Chloroplasts Variable substrate ALDH, stress-regulated detoxification pathway Sunkar et al. (2003); Kotchoni

et al. (2006)

ALDH5F1 At1g79440 Mitochondria Succinic semialdehyde dehydrogenase, involved in GABA-shunt

pathway, stress-regulated detoxification of ROS intermediates, and in

the patterning of Arabidopsis leaves along the adaxial–abaxial axis

Bouché et al. (2003); Bouché

and Fromm (2004); Toyokura

et al. (2011)

ALDH6B2 At2g14170 Mitochondria Putative methylmalonyl semialdehyde dehydrogenase

ALDH7B4 At1g54100 Cytosol Turgor-responsive, stress-regulated detoxification pathway Kotchoni et al. (2006)

ALDH10A8 At1g74920 Leucoplasts Putative stress-regulated AMADH, involved in the oxidation of

aminoaldehydes derived from polyamine degradation

Missihoun et al. (2011)

ALDH10A9 At3g48170 Peroxisomes

ALDH11A3 At2g24270 Non-phosphorylating GAPDH

ALDH12A1 At5g62530 Mitochondria Δ1-Pyrroline-5-carboxylate dehydrogenase, stress-regulated pathway,

essential for proline degradation, and protection from proline toxicity

Deuschle et al. (2001, 2004);

Miller et al. (2009)

ALDH22A1 At3g66658 Cytosol Plant specific ALDH Kirch et al. (2005), this review

Data in bold refer to ALDHs that have been analyzed in our own laboratory.

genomics tools have been generated for the stress-related family 3
and family 7 ALDH genes (ALDH3I1, ALDH3H1, ALDH3F1, and
ALDH7B4), the betaine aldehyde dehydrogenase (BADH) homo-
logues ALDH10A8 and ALDH10A9, and the novel plant specific
gene ALDH22A1.

MOLECULAR, BIOCHEMICAL, AND PHYSIOLOGICAL
FEATURES OF ARABIDOPSIS ALDEHYDE DEHYDROGENASES
SUBCELLULAR LOCALIZATION AND EXPRESSION PATTERNS
Aldehyde dehydrogenases genes were analyzed with regard
to expression patterns, subcellular localization, and biochem-
ical properties. Results of these studies are summarized in
Tables 1 and 2. GFP reporter gene analysis demonstrates that
ALDH proteins are targeted to different cellular compartments
(Figure 1). ALDH3I1 proteins are targeted to the chloroplasts,
while ALDH3H1, ALDH3F1, ALDH22A1, and ALDH7B4 are
found in the cytosol (Kuhns, 2005; Kotchoni et al., 2006; Ditzer,
unpublished results). The putative BADH proteins, ALDH10A8
and ALDH10A9 are targeted to leucoplasts and peroxisomes,
respectively (Missihoun et al., 2011), which is in accordance to the
localization of BADH proteins from other plant species (Weretil-
nyk and Hanson, 1990; Nakamura et al., 1997, 2001; Shirasawa
et al., 2006; Fitzgerald et al., 2009). The differential localization of
ALDH enzymes implies a functional specialization and suggests
that different compartments may require ALDH proteins with spe-
cific biochemical properties. The fact that several ALDHs proteins
are conserved and ubiquitously present in plant cells emphasizes
their biological importance, although their function is often still
unclear.

To elucidate the function of ALDH genes expression was
analyzed on the transcript level and by examining transgenic
promoter-GUS Arabidopsis plants. ALDH genes are expressed

in a tissue specific manner. GUS expression in ALDH3H1 and
ALDH22A1 transgenic plants is much stronger in roots than in
leaves. ALDH3F1::GUS plants display a very strong expression in
the whole plant and in germinating seeds (Kirch et al., 2005; Ditzer,
unpublished results). A high GUS activity was detected in pistil
and stamen, siliques and mature seeds of ALDH7B4::GUS trans-
genic plants (Missihoun, 2011). Plants carrying the ALDH22A1
promoter-GUS-fusion showed constitutive GUS expression in all
tissues but with variable intensities (Figure 2A). GUS expression
was high in siliques, flowers, roots, and relatively low in leaves
under control and stress conditions.

Transcript accumulation analyses demonstrated that five of
the analyzed Arabidopsis ALDH genes (ALDH3H1, ALDH3I1,
ALDH7B4, ALDH10A8, and ALDH10A9) respond to ABA treat-
ment and abiotic stress conditions such as salt and dehydration,
while ALDH3F1 and ALDH22A1 are constitutively expressed and
appear to be not related to stress (Kirch et al., 2001, 2005; Sunkar
et al., 2003; Missihoun et al., 2011).

Stress induces ALDH genes differentially (Kirch et al., 2005).
ALDH3I1, ALDH3H1, ALDH7B4 promoters are induced in
response to abiotic stress conditions (Table 2). ALDH3I1::GUS
plants display a high expression in leaves but not in roots after
ABA treatment, dehydration, or NaCl stress, while the situation
is vice versa for ALDH3H1 (Kirch et al., 2005). The ALDH7B4
promoter shows the strongest stress-inducibility, and high GUS
expression was found in all tissues in response to ABA, dehydra-
tion, NaCl, and wounding. In addition, the ALDH7B4 promoter
is also slightly inducible by aldehydes (Höller, 2010; Missihoun,
2011), which may point to a feedback regulation in some metabolic
conditions.

To identify possible posttranscriptional regulation steps ALDH
protein accumulation was analyzed with specific antibodies. The
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FIGURE 1 | Overview of subcellular localizations of Arabidopsis

ALDH-GFP fusion proteins. 35S::ALDH-GFP fusion proteins were
expressed in Arabidopsis and viewed under fluorescence light with
appropriate filters. (I) shows chlorophyll auto-fluorescence, (II) the
GFP-signal, and (III) the merged signals. For ALDH3I1 the transformed
protoplast in (C) is shown in bright field to visualize the chloroplasts. S,
stable expression after Agrobacterium-mediated transformation; P, transient
expression in protoplasts. *GFP-data for ALDH3I1, ALDH7B4, ALDH10A8,
and ALDH10A9 have been published (Kotchoni et al., 2006; Missihoun
et al., 2011). (A) gene ALDH3F1, (B) gene ALDH3H1, (C) gene ALDH3I1,
(D) ALDH7B4, (E) ALDH22A1, (F) ALDH10A8, (G) ALDH10A9.

protein blot analyses reveal a developmental-specific expression
pattern for two of the analyzed ALDH proteins. The ALDH3I1 pro-
tein is stress inducible in plants older than 5 weeks (approximately
8–10 rosette leaves; Kotchoni et al., 2006; Schmidt, 2006). In con-
trast, ALDH3H1 accumulates in response to salt stress in 7-week-
old (approximately 12–14 rosette leaves) plants and on a lower
level in 6-week-old plants (approximately 10–12 rosette leaves;
Schmidt, 2006). ALDH3F1 is stress inducible only in young plants
at a very low level. ALDH7B4 shows a strong stress response irre-
spective of age (Kotchoni et al., 2006; Schmidt, 2006). ALDH22A1
proteins accumulate in all tissues but to different amounts. Protein
expression is higher in open flowers, carpels, siliques, mature seeds,
and roots than in petals/sepals, stamina, and leaves (Figure 2B).

The comparison between transcript expression and protein
accumulation as well as the promoter-GUS analyses indicate that
ALDH gene expression is predominantly regulated transcription-
ally.

FIGURE 2 |Tissue specific expression of ALDH22A1 in Arabidopsis. (A)

ALDH22A1::GUS expression in transgenic Arabidopsis plants: 4-week-old
(approximately eight rosette leaves) transgenic Arabidopsis seedlings were
subjected to ABA (100 μM), dehydration or salt stress (200 mM NaCl) for a
period of 4 h and analyzed for in situ GUS activity. Bars represent 1 mm. (B)

Total proteins (20 μg) from leaves and roots of salt-stressed and control
plants as well as from different flower tissues were separated on a 12%
(w/v) SDS-PAGE and blotted onto a nitrocellulose membrane.
Immunodetection was performed using the polyclonal anti-ALDH22A1
antiserum. S, stamina; P/S, petals and sepals; C, carpels; Of, open flowers.

FUNCTIONAL SIGNIFICANCE OF ALDHs
The stress inducible ALDH proteins are predicted to be important
for the mechanisms of stress adjustment and long-term adap-
tation. This hypothesis was investigated by analyzing the stress-
performance of transgenic plants overexpressing ALDH genes
and ALDH -knock-out lines. Transgenic Arabidopsis plants over-
expressing ALDH3F1, ALDH3I1, or ALDH7B4 genes are more
tolerant to salt (NaCl and/or KCl) dehydration and oxidative
stress. They show higher germination rates and reduced accumu-
lation of malondialdehyde (MDA) in comparison to wild-type
plants when challenged with salt, drought, or oxidative stress
(Sunkar et al., 2003; Kotchoni et al., 2006; Martens, 2009). ALDH
gene overexpressor phenotypes in transgenic plants are in agree-
ment with physiological and molecular analyses of correspond-
ing ALDH T-DNA single and double insertion mutants, which
generally reveal an increased sensitivity to dehydration and salt
stress and accumulate higher MDA levels than wild-type plants
(Figure 3; Sunkar et al., 2003; Kotchoni et al., 2006; Missihoun,
2011; Missihoun et al., 2011). Plants overexpressing ALDH3H1 do
not display improved stress tolerance, although accumulation of
MDA under stress conditions was reduced in comparison to wild-
type plants (Missihoun, 2011). Thus, this gene may have another
function.

The stress tolerant phenotype of transgenic Arabidopsis plants
overexpressing either ALDH3I1 or ALDH7B4 is further supported
by experiments with transgenic tobacco plants (Raza, 2010).
Results regarding the protective role of ALDH7B4 are confirmed by
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FIGURE 3 | Lipid peroxidation and H2O2 accumulation in Arabidopsis

ALDH T-DNA knock-out lines. Lipid peroxidation levels (A) and H2O2

accumulation (B) of 4-week-old, soil-grown Arabidopsis T-DNA knock-out
plants that were irrigated with 200 mM NaCl in tap water every second day
for 7 days. Control plants were treated with tap water for the same period.

Lipid peroxidation was determined as the amount of malondialdehyde
(MDA) accumulating as an end product of lipid peroxidation (Sunkar et al.,
2003). Quantitative H2O2 measurements were performed according to
Kotchoni et al. (2006). The data represent mean values (±SD) of three
replicate experiments.

Rodrigues et al. (2006), who report that Arabidopsis and tobacco
plants ectopically expressing a soybean ALDH7 gene also show
enhanced tolerance to abiotic stress.

ALDH10A8 AND ALDH10A9 : BETAINE ALDEHYDE
DEHYDROGENASE ORTHOLOGOUS GENES?
Glycine betaine is a protective osmolyte that is synthesized from
choline in response to stress by a two-step reaction catalyzed
by choline monooxygenase (EC 1.14.15.7) and betaine aldehyde
dehydrogenase (BADH; EC 1.2.1.8). A. thaliana possesses two
BADH orthologs, ALDH10A8 and ALDH10A9 (Sakamoto and
Murata, 2002; Kirch et al., 2004) but Arabidopsis, like rice, belongs
to those species that do not accumulate detectable amounts of
glycine betaine under stress conditions (Rhodes and Hanson,
1993). The function of the two Arabidopsis genes, ALDH10A8
and ALDH10A9, are therefore of particular interest. Xing and
Rajashekar (2001) reported the detection of endogenous glycine
betaine in Arabidopsis using nuclear magnetic resonance (1H
NMR). About 3 μmol. g−1 dry weight of glycine betaine were
found to accumulate in cold acclimated seedlings. The accumu-
lation of glycine betaine was shown to correlate with the freezing
tolerance of leaf tissues. No other report indicated endogenous

glycine betaine accumulation in Arabidopsis. This confirms the
widely accepted observation that Arabidopsis may only contain
none or hardly measurable amounts of glycine betaine. In com-
parison naturally glycine betaine accumulating species such as
spinach accumulate more than 10 μmol glycine betaine. g−1 fresh
weight in response to salt stress (Di Martino et al., 2003). Inter-
estingly, when Arabidopsis plants have been transformed with
BADH genes isolated from naturally accumulating plant species,
glycine betaine was detected and osmotic stress tolerance has been
reported (Fitzgerald et al., 2009).

The absence of a functional choline monooxygenase was pro-
posed to explain the lack of glycine betaine in some plant species
(Nuccio et al., 1998). For instance, recombinant protein corre-
sponding to the Arabidopsis choline monooxygenase-like gene did
not complement Escherichia coli strains deficient in choline dehy-
drogenase (Hibino et al., 2002). The absence of glycine betaine in
some plant species could also be due to choline availability (Peel
et al., 2010). So far, the reasons for the non-accumulation of glycine
betaine in some plant species are still elusive.

Variation seems to exist among betaine accumulating plants
with respect to the subcellular localization of glycine betaine and
the biosynthetic enzymes (Fitzgerald et al., 2010; Chen and Murata,
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2011). Glycine betaine was found to accumulate in spinach
chloroplasts and accordingly both, choline monooxygenase and
betaine aldehyde dehydrogenase activities were detected in chloro-
plasts (Robinson and Jones, 1986). In other glycine betaine accu-
mulators such as mangrove and barley no choline monooxyge-
nase and betaine aldehyde dehydrogenase activities were found
in chloroplasts (Hibino et al., 2001; Fujiwara et al., 2008). The
BADH isoforms in barley, BBD1 and BBD2, are peroxisomal and
cytosolic proteins, respectively (Nakamura et al., 2001; Fujiwara
et al., 2008). In Arabidopsis, the ALDH10A8 and ALDH10A9 pro-
teins are targeted to leucoplasts and peroxisomes, respectively
(Missihoun et al., 2011). These observations indicate that glycine
betaine may be synthesized in other cellular compartments than
chloroplasts or other unknown proteins may be involved in its
biosynthesis (Chen and Murata, 2011). Alternatively, BADH genes
may have other functions. The latter hypothesis is supported by
the recent discovery that the fgr mutation associated with the
fragrance phenotype in rice resides within the OsBADH2 gene
isoform (Bradbury et al., 2008). This mutation results in a non-
functional BADH protein that cannot oxidize 4-aminobutanal to
γ-aminobutyric acid (GABA), leading to the accumulation of 2-
acetyl-1-pyrroline, responsible for the fragrance. The functional
analysis of BADH proteins in naturally non-accumulating glycine
betaine species may lead to the discovery of alternative mecha-
nism(s) used by those plants to compensate for the lack of glycine
betaine. This was addressed with biochemical and genetic tools
that we established for Arabidopsis.

We recently reported on the molecular and functional analy-
sis of the Arabidopsis ALDH10A8 (At1g74920) and ALDH10A9
(At3g48170) genes, which are differentially regulated (Missihoun
et al., 2011). Generally ALDH10A8 is expressed at higher levels
than ALDH10A9. Both genes are responsive to ABA treatment and
to a lesser extent to NaCl, dehydration, chilling, and methyl vio-
logen. A T-DNA insertion mutant for the ALDH10A8 gene was
found to be sensitive to drought and salinity, indicating that the
ALDH10A8 gene product is functional in planta, likely in a path-
way different from glycine betaine synthesis. Our data point to a
possible involvement in the oxidation of aminoaldehydes derived
from the degradation of polyamines.

ALDH10A9 recombinant protein is able to metabolize betaine
aldehyde as well as the two aminoaldehydes, 4-aminobutanal and
3-aminopropanal, implying that ALDH10A9 might be involved
in the polyamine metabolism (Missihoun et al., 2011). As there
was no mutant for ALDH10A9 available, this hypothesis was not
fully investigated. Only recently, a T-DNA mutant line (SK17639;
Robinson et al., 2009) has become available and the analysis of this
line should shed some light on the function of this gene. Evidence
supporting the involvement of plant aminoaldehyde dehydroge-
nases (AMADH) in the terminal catabolism of polyamines has
been reported. Petrivalsky et al. (2007) found that the activity
of pea AMADH increased during wound healing of injured eti-
olated seedlings, which was spatially correlated with lignification,
a physiological process that involves both copper amine oxidase
and polyamine oxidase activities. Likewise, simultaneous increase
of diamine oxidase activity and the production of GABA from
4-aminobutanal was also reported in soybean (Xing et al., 2007).
This resulted in an increase of the GABA contents in roots of

soybean [Glycine max (L.) Merr.] grown on salt. The GABA
content derived from the activity of AMADH proteins was esti-
mated to be about 39% of the total GABA pool in soybean (Xing
et al., 2007). This suggests that the production of GABA from
the polyamine catabolism-derived aminoaldehydes under adverse
conditions is a general feature shared by both monocots and dicots.
We propose that AMADH may link the polyamine metabolism
and the tricarboxylic acid cycle via the GABA-shunt (Figure 4).
The metabolic AMADH activity can be responsible for the detox-
ification of toxic aminoaldehydes (Tylichová et al., 2007). Based
on sequence similarity, ALDH10A8 and ALDH10A9 represent the
best candidates for AMADH in Arabidopsis. Whether ALDH10A8
and ALDH10A9 function in vivo in this pathway remains to be
demonstrated.

As reported by Xing et al. (2007) and illustrated in the Figure 4,
GABA can be produced from the oxidation of 4-aminobutanal
by AMADH. Several functions have been attributed to GABA
in plants, ranging from acting as a compatible solute to a sig-
nal molecule (Bouché and Fromm, 2004). Although GABA is
believed to derive mainly from the decarboxylation of glutamic
acid (Shelp et al., 1999), the question as to how cells control the
GABA biosynthesis to match the physiological need is unclear.
A complex regulatory mechanism may take place to adjust the
GABA levels according to the cellular requirement. The site of
GABA synthesis may be an important factor. Thus, GABA pro-
duced in the cytosol by decarboxylation of glutamic acid may not
play the same role as the one generated by AMADHs in peroxi-
somes or in plastids. AMADHs also oxidise 3-aminopropanal to
beta-alanine (Figure 4). Beta-alanine is a non-proteinic amino
acid involved in the biosynthesis of pantothenate, a precursor
of coenzyme A. It has also been associated to thermotolerance
in transgenic tobacco plants (Fouad and Rathinasabapathi, 2006;
Fouad and Altpeter, 2009). Beta-alanine can be trimethylated to
beta-alanine–betaine, which accumulates as compatible solutes in
certain members of the Plumbaginaceae. It is worth validating the
existence of enzymatically active AMADHs in Arabidopsis and to
establish unequivocally the pivotal role of AMADHs in linking
polyamine metabolism to the energy metabolism in plant cells.
This will facilitate future investigations of the physiological impor-
tance of GABA in plants and help uncover subtle details related to
its functions.

BIOCHEMICAL ANALYSIS AND COENZYME AFFINITY
STUDIES OF ALDH3H1 AND ALDH3I1
Research on Arabidopsis ALDHs was started after it was dis-
covered that Cp-ALDH isolated from the desiccation tolerant
plant Craterostigma plantagineum is responsive to dehydration
and may contribute to detoxify chloroplasts when aldehydes accu-
mulated under stress conditions (Kirch et al., 2001). ALDH3I1
and ALDH3H1 from Arabidopsis are the closest homologues to
Cp-ALDH (Cp-ALDH shares 81% and 80% amino acid homolo-
gies with ALDH3H1 and ALDH3I1, respectively; ALDH3I1 and
ALDH3H1 have 79% homology). Cp-ALDH and ALDH3I1 show
a similar tissue specific expression, are targeted to the chloroplast,
use NADP+ as coenzyme in enzymatic reactions and contain a
conserved valine in their coenzyme binding site. The cytosolic
ALDH3H1 has an isoleucine residue instead of the valine and
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FIGURE 4 | Aminoaldehyde dehydrogenases and the degradation of

polyamines. The terminal catabolism of diamine putrescine and polyamines,
spermidine and spermine, involves diamine oxidase and polyamine oxidase,
respectively. This generates aminoaldehydes such as 4-aminobutanal and
3-aminopropanal, which are further converted by aminoaldehyde
dehydrogenases to GABA and β-alanine or β-alanine betaine. GABA can act as

a signal compound. It can also be funneled to theTCA cycle or accumulated as
compatible osmolyte. Beta-alanine–betaine accumulates in certain members
of the Plumbaginaceae as compatible osmolyte. SPDS, spermidine synthase;
AMADH, aminoaldehyde dehydrogenase; SPMS, spermine synthase; PAO,
polyamine oxidase; DAO, diamine oxidase; GABA, γ-aminobutyric acid; TCA,
tricarboxylic acid; AMT, β-alanine methyl transferase.

only uses NAD+ as coenzyme. Overexpressing either Cp-ALDH or
ALDH3I1 in Arabidopsis leads to improved stress tolerance, which
was not observed in plants overexpressing ALDH3H1 (Table 2).
We addressed the question how the different subcellular localiza-
tions and the single amino acid difference determine substrate
specificities and coenzyme affinities. These biochemical proper-
ties may be important in the observed stress tolerance. Enzymatic
activities of recombinant ALDH3H1 and ALDH3I1 proteins were
analyzed to identify their substrate requirements. Both display a
preference for medium to long-chain saturated aldehydes with
dodecanal as most effective substrate (Table 2).

Structures of several ALDHs revealed that they bind the coen-
zyme in an atypical five stranded open α/β Rossmann fold
(Figure 5A; Liu et al., 1997). Different amino acids are important
for coenzyme binding and influence coenzyme specificity. Most
importantly a lysine residue interacts with the adenine ribose of
NAD+ or the 2′-phosphate of NADP+ (Perozich et al., 2000).
A glutamic acid residue occupies a central position in the coen-
zyme binding site and coordinates the adenine ribose 2′- and
3′-hydroxyls of the adenine ribose of NAD+, while repelling the
2′-phosphate of the ribose of adenosine in NADP+ (Perozich et
al., 2000, Stiti unpublished). Thus, space in the opposite side of the
coenzyme binding cleft is required to keep the interacting NADP+
molecule in an active conformation.

Comparison of the amino acid sequences showed that the
NAD+-specific ALDH3H1 has an isoleucine instead of a valine
in motif 4 of the coenzyme binding cleft. The isoleucine has a
large side chain due to an additional methyl group compared to
the valine occupying this position in ALDH3I1. A valine residue is
highly conserved in this position in all family 3 ALDHs except for
ALDH3H1 and ALDH3F1. Therefore it was tested in a site-directed
mutagenesis approach whether the unusual isoleucine is the reason
for the inability to use NADP+. The space occupied by isoleucine
may not allow to accommodate the 2′-phosphate of NADP+ while
interaction with NAD+ is not affected. Thus the isoleucine-200
was substituted by residues with a shorter side chain, valine, or
glycine (Stiti et al., 2011). For the generated mutated enzyme
ALDH3H1Ile200Val, the cofactor binding cleft is enlarged by 1.4 Å
compared to the wild-type enzyme (7.85 Å). The distance from
valine-200 to glutamic acid-149 is approximately 9.23 Å as deter-
mined by structure modeling. But the width of the cleft is similar to
ALDH3I1 (9.22 Å) or the rat ALDH3A1 (9.19 Å; Figure 5B). The
latter two enzymes can use either NAD+ or less effectively NADP+.
The ALDH3H1Ile200Val mutant is able to use NADP+ as coen-
zyme with a KmNADP+ in the range comparable to the wild-type
ALDH3I1 with hexanal as a substrate (KmNADP+ = 2300 μM
for ALDH3H1Ile200Val and KmNADP+ = 1868 μM for ALDH3I1).
A minor increase was observed in KmNAD+ and no significant
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FIGURE 5 | Predicted structures of Arabidopsis ALDH3H1 and ALDH3I1

and models of coenzyme binding. (A) Ribbon diagrams of the predicted
structures of Arabidopsis thaliana ALDH3H1 and ALDH3I1 monomeric
subunits. Green asterisks denote the central helices of the coenzyme
binding Rossmann fold domain. Catalytic cysteine residues are depicted in
yellow, redox-sensitive cysteines in red, other cysteines in cyan (Stiti et al.,
2011). Regions highlighted in orange indicate helix αD and sheets β12 as
well as β13 involved in hydrogen bond-mediated homodimerization in the

functional native homologous ALDH3A1 protein. (B) Location of NAD+ and
NADP+ and amino acid residues in the coenzyme binding cleft of the
previously reported structure of ALDH3A1 from Rattus norvegicus and the
predicted structures of ALDH3H1 and ALDH3I1. The predicted structures
of ALDH3H1 and ALDH3I1 were built using the crystal structure of Rattus
norvegicus ALDH3A1 as template. (This figure was redrawn from Stiti
et al., 2011, permission to reproduce the figure was obtained from
Portland press).
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change of Vmax was observed. Similarly to the wild-type enzyme,
ALDH3H1Ile200Val prefers NAD+.

Substitution of isoleucine-200 by glycine should enlarge the
cleft to reach a width of 11.63 Å, which makes the NAD+ bind-
ing weaker and at the same time increases the affinity for NADP+
(KmNAD+ = 3218μM vs. KmNADP+ = 1817 μM). This demon-
strates that the enlargement of the coenzyme binding site resulted
in a shift of specificity from NAD+ to NADP+, which con-
firms that the distance is critical between the residues occupying
the positions 200 and 149 for coenzyme affinity. Substituting
isoleucine by glycine provides the space necessary to accommo-
date NADP+, but the larger space possibly makes the cleft too
wide for correct binding of NAD+. The isoleucine side chain
may force the adenine ribose of NAD+ to allow interaction
with the enzyme surface inside the coenzyme binding pocket.
Point mutations in enzymatically critical positions alter coen-
zyme affinities and may be an evolutionary adaptation to the

requirements of the physiology needed for the function of the
ALDH enzymes.

This review demonstrates that despite strict sequence conser-
vations among ALDH enzymes a few changes in gene sequences
lead to diversity in enzymatic properties, subcellular localization,
expression patterns, and contribution to stress tolerance. A high
degree of sequence conservation of ALDH genes between plant
species suggests that these alterations must have been positively
selected during evolution for the specific role of individual ALDH
genes.
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Beyond their metabolic roles, sugars can also act as messengers in signal transduction.
Trehalose, a sugar found in many species of plants and animals, is a non-reducing disac-
charide composed of two glucose moieties. Its synthesis in plants is a two-step process,
involving the production of trehalose-6-phosphate (T6P) catalyzed by trehalose-6-phosphate
synthase (TPS) and its consecutive dephosphorylation to trehalose, catalyzed by trehalose-
6-phosphate phosphatase (TPP). T6P has recently emerged as an important signaling
metabolite, regulating carbon assimilation and sugar status in plants. In addition, T6P has
also been demonstrated to play an essential role in plant development.This review recapit-
ulates the recent advances we have made in understanding the role ofT6P in coordinating
diverse metabolic and developmental processes.

Keywords: trehalose, trehalose-6-phosphate,TPS,TPP, development

INTRODUCTION
Plants convert assimilated carbon into a range of monosaccharide
sugars, many of which serve as precursors for the synthesis of more
complex oligo- and polysaccharides. These complex carbohydrates
fulfill very diverse functions in plants and are, for example, used
as long-term energy storage or constitute important structural
components of plant cells.

In addition to their metabolic and structural roles, carbohy-
drates can also influence plant growth and development by acting
as elicitors or growth regulators (Creelman and Mullet, 1997). The
regulation of plant development by carbohydrates has attracted a
lot of interest over the last few years and several signaling path-
ways that integrate sugar responses have been identified. One such
pathway involves the synthesis, perception, and response to the
non-reducing disaccharide trehalose and its precursor trehalose-6-
phosphate (T6P). Trehalose is widely distributed in actinomycetes,
fungi, insects, and other invertebrates (Veluthambi et al., 1981;
Elbein et al., 2003), where it reduces protein aggregation during
stress conditions (Jain and Roy, 2010). However, the majority of
land plants contain only low quantities of trehalose, making its
role in stress protection seem unlikely (Zentella et al., 1999; Avonce
et al., 2006; Fernandez et al., 2010). Exceptions to this rule are “res-
urrection” plants, in which trehalose is found at higher quantities
and has an apparent function in protecting the plants against abi-
otic stresses by preventing the denaturation of cellular proteins
(Márquez-Escalante et al., 2006).

The biosynthesis of trehalose in plants involves the genera-
tion of trehalose-6-phosphate (T6P) from glucose-6-phosphate
and UDP-glucose by trehalose-6-phosphate synthase (TPS),
and the subsequent dephosphorylation of T6P to trehalose by

trehalose-6-phosphate phosphatase (TPP; Cabib and Leloir,1958).
The A. thaliana genome contains 11 TPS (AtTPS1–11) genes and
10 TPP (AtTPPA–J ) genes (Table 1; Leyman et al., 2001). The
AtTPS proteins carry both TPS- and TPP-like domains and have
been classified into two distinct subfamilies based on their homol-
ogy with the yeast (Saccharomyces cerevisiae) ScTPS. AtTPS1 to
AtTPS4, which constitute the class I subfamily of TPSs, show the
highest overall similarity to ScTPS1 and in them, the TPP-like
domain is only weakly conserved. AtTPS1 differs from the other
class I TPSs in that it contains an auto-inhibitory N-terminal
extension that restricts its activity in vivo (Van Dijck et al., 2002).
The class II subfamily TPSs (AtTPS5 to AtTPS11) display more
similarity to ScTPS2 and contain conserved TPP motifs.

Among the Arabidopsis TPSs, only TPS1 shows a demonstrable
TPS activity (Blázquez et al., 1998). However, two active isoforms
of TPS1, OsTPS1a, and OsTPS1b, have been identified in rice
(Zang et al., 2011). Other TPSs including class II TPSs lack both
TPS and TPP activities (Vogel et al., 2001; Harthill et al., 2006;
Ramon et al., 2009). AtTPS1 expression has been detected by
qRT-PCR in flower buds, ripening siliques, small rosette leaves,
and in embryos using a TPS1-GUS reporter (van Dijken et al.,
2004; Gómez et al., 2010). However, since this reporter mostly
comprises the first intron, which is located in the 5′ untrans-
lated region of TPS1, these results need to be verified. Similar to
TPS1, class II TPSs are expressed widely throughout the plant (Paul
et al., 2008; Ramon et al., 2009). In contrast, the other class I TPS
genes, AtTPS2–4, have been reported to be specifically expressed
in siliques and seeds (Paul et al., 2008).

All TPPs lack the N-terminal TPS-like domain found in the
TPS proteins and contain only the conserved TPP domain, which
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Table 1 | Genes involved in trehalose metabolism in Arabidopsis

thaliana.

Class Gene name AGI number

Class I TPSs TPS1 At1g78580

TPS2 At1g16980

TPS3 At1g17000

TPS4 At4g27550

Class II TPSs TPS5 At4g17770

TPS6 At1g68020

TPS7 At1g06410

TPS8 At1g70290

TPS9 At1g23870

TPS10 At1g60140

TPS11 At2g18700

Class I TPPs TPP1/TPPC At1g22210

TPP2/TPPD At1g35910

TPP3/TPPB At1g78090

TPP4/TPPE At2g22190

TPP5/TPPF At4g12430

TPP6/TPPG At4g22590

TPP7/TPPH At4g39770

Class II TPPs TPP8/TPPI At5g10100

TPP9/TPPA At5g51460

TPP10/TPPJ At5g65140

Trehalase TRE1 At4g24040

Arabidopsis TPP genes have been named AtTPPA–J by Leyman et al. (2001) and

TPP1–10 by Paul et al. (2008), and both forms of nomenclature are used in the

literature.

shows significant similarity to the highly conserved phosphatase
box in the C-terminal part of ScTPS2 (Lunn, 2007b). Out of the 10
TPPs in Arabidopsis, AtTPPA and AtTPPB genes have been shown
to complement yeast TPP mutant (tps2) and thus encode active
TPP enzymes (Vogel et al., 1998). Whether the other TPPs are enzy-
matically active, remains to be determined. Outside Arabidopsis,
TPP2a from rice (Habibur Rahman Pramanik and Imai, 2005;
Shima et al., 2007) and RAMOSA3 of maize (Satoh-Nagasawa
et al., 2006) have been shown to encode active TPPs. In contrast to
the TPS and TPP gene families, trehalase, which cleaves trehalose
into two glucose molecules, appears to be encoded by a single gene
(AtTRE1; Leyman et al., 2001; Lunn, 2007b).

T6P IN PLANT CARBOHYDRATE METABOLISM
Sugars, including trehalose and, more importantly, T6P have been
proposed to act as signaling molecules that modulate many impor-
tant metabolic and developmental processes in plants (reviewed
in Paul et al., 2008) and there is growing evidence that T6P plays a
central role in regulating carbohydrate metabolism (Figure 1).

More specifically, T6P has been shown to regulate sucrose uti-
lization in plants. Transgenic Arabidopsis lines expressing E. coli
TPS (otsA) or TPP (otsB) genes displayed differences in T6P
accumulation and responded differently to exogenous sucrose.
In general, the ability of these plants to utilize sucrose, increased
with rising concentration of T6P (Schluepmann et al., 2004). Con-
versely it was found that the amount of T6P strongly corresponds

to sucrose availability in Arabidopsis wild-type plants. Lunn
et al. (2006) showed that sucrose feeding rapidly induced T6P in
carbon-starved seedlings. The rapid increase of T6P in response
to exogenous sucrose may be due to an increase in the amount of
available glucose-6-phosphate (G6P) and UDP-glucose (UDPG),
which have been shown to be important in determining plant
growth and biomass accumulation (Meyer et al., 2007). Thus T6P
indirectly reflects sucrose concentrations and has now been widely
accepted as an indicator of sucrose status in plants (Lunn et al.,
2006; reviewed in Paul et al., 2008).

The importance of T6P was also made apparent in Arabidopsis
and tobacco plants over-expressing E. coli TPS (otsA) and E. coli
TPP (otsB; Schluepmann et al., 2003; Pellny et al., 2004). Inter-
estingly, the tobacco plants over-expressing otsA exhibited large
increase in photosynthetic capacity per unit leaf area and dry
weight. This boost in photosynthetic capacity was shown to be in
part as a result of increased expression of ABI4, a known regulator
of RuBisCo genes (Acevedo-Hernández et al., 2005). An opposite
effect was observed in E. coli TPP (otsB) over-expressing plants
(Pellny et al., 2004). The observed changes in the photosynthetic
capacity in plants with altered T6P levels reflect the combined
effects of T6P on leaf development, in particular on cell division
and cell wall biosynthesis, and a more direct effect on the reg-
ulation of factors involved in regulating photosynthesis such as
ABI4. However, the details of how T6P imparts such a dramatic
regulation in photosynthesis are not yet fully understood.

Trehalose-6-phosphate has also been shown to regulate starch
metabolism in plants. In Arabidopsis, exogenous application of
trehalose induces accumulation of starch by increasing the activ-
ity of ADP-glucose pyrophosphorylase (AGPase), a major enzyme
controlling starch synthesis (Wingler et al., 2000). It has also been
shown that T6P, synthesized by TPS1, which has been predicted
to be mainly localized in the cytoplasm, promotes AGPase acti-
vation in chloroplasts via a thioredoxin-mediated redox reaction
(Kolbe et al., 2005). Rising sucrose levels, which are accompanied
by an increase in the level of T6P, also resulted in increased starch
synthesis via AGPase activation (Lunn et al., 2006). As AGPase is
localized in chloroplasts, T6P mediated AGPase activation suggests
a link between cytosolic carbon status and plastidic starch storage.
Accumulation of sucrose in the leaf has been shown to increase the
T6P content, leading to activation of AGPase in the chloroplasts,
without apparent change in the rate of photosynthesis. In this way,
T6P might act as a signal between the cytosol and the chloroplast
(Lunn, 2007a). Whether T6P is transported into the chloroplast
remains to be determined.

Apart from its role in regulating starch metabolism, T6P has
recently been shown to inhibit the sucrose non-fermenting 1-
related protein kinase1 (SnRK1) complex of the SNF-1-related
group of protein kinases in Arabidopsis (Zhang et al., 2009),
which acts as a metabolite sensor to constantly adapt metabolism
to the supply and demand of energy (Polge and Thomas, 2007).
More recently, inhibition of SnRK1 by T6P has also been demon-
strated in a transgenic sugarcane suspension cell line expressing a
vacuole-targeted sucrose isomerase (Wu and Birch, 2010), in wheat
grain extracts (Martínez-Barajas et al., 2011), and in potato tubers
(Debast et al., 2011). SnRK1 is a hetero-trimeric protein complex
composed of an AKIN10 or AKIN11 catalytic α-subunit, β-, and
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FIGURE 1 |Trehalose biosynthesis and its role in carbohydrate

metabolism. Trehalose-6-phosphate (T6P) is synthesized from UDP-glucose
(UDPG) and glucose-6-P (G6P) by the activity of trehalose-6-phosphate
synthase (TPS) and subsequently converted to trehalose by
trehalose-6-phosphate phosphatase (TPP). trehalase1 (TRE1) hydrolyzes
trehalose into two molecules of glucose. T6P plays a central role in regulating
sugar metabolism in plants. The precursors of T6P are derived from the
sucrose metabolism. It has been suggested that T6P is transported by an

unknown mechanism into plastids where it induces starch synthesis via
thioredoxin-mediated activation of AGPase. T6P might be converted into
trehalose, which has been shown to regulate starch breakdown in plastids.
Several TPPs (marked with an asterisk) have been predicted to localize to
plastids, but this still needs to be confirmed experimentally. SnRK1, which
represses plant growth, is inhibited by T6P. A regulatory loop, which involves
T6P, SnRK1, and bZIP11, and that is thought to control sucrose availability and
utilization, has been proposed.

γ-subunits, which together form the active kinase complex (Polge
and Thomas, 2007). Over-expression of SnRK1, promotes plant
survival under low light and starvation conditions, in additions
to altering inflorescence development and delaying senescence.
In contrast, akin10 akin11 virus-induced gene silencing double
mutant plants showed growth arrest coupled with premature
senescence. The AKIN10/AKIN11 signaling cascade seems to be
crucial for plant survival under stress, e.g., darkness and sugar
deprivation (Baena-González et al., 2007). Microarray analysis
showed that most of the up-regulated genes in E. coli TPS (otsA)
over-expressing plants were down-regulated in AKIN10 over-
expressors (Zhang et al., 2009). In addition, SnRK1 has also been
implicated in sugar and ABA signaling pathways in an indepen-
dent study (Jossier et al., 2009). Importantly, the effects on SnRK1
activity seem to be specific to T6P, as none of the other tested
sugars or sugar phosphates inhibited SnRK1 (Zhang et al., 2009).
Taken together, these experiments provide strong evidence that
T6P inhibits SnRK1 to activate biosynthetic processes in growing
tissues. These results suggest a regulatory loop in which sucrose-
induced T6P inhibits SnRK1 when sucrose is plentiful. When the
sucrose content decreases, with T6P decreasing as well, SnRK1 is
released from repression, which leads to the induction of genes
involved in photosynthesis related processes, so that more carbon
is made available to the growing cells, to replenish a carbon deficit
(Delatte et al., 2011).

More recently the Arabidopsis basic region leucine zipper tran-
scription factor 11 (bZIP11) has been implicated in T6P signaling.
In particular, over-expression of bZIP11, which is repressed by

sucrose through a translational inhibition mechanism (Hanson
et al., 2008), has been shown to result in reduced T6P levels
(Ma et al., 2011). bZIP11 over-expressing plants also exhibited
resistance to exogenously applied trehalose and accumulation of
T6P, with concomitant reduction of SnRK1 activity (Delatte et al.,
2011). The authors propose that bZIP11 acts as a powerful regula-
tor of carbohydrate metabolism and is part of a growth regulatory
network that includes T6P and the SnRK1 (Delatte et al., 2011).

The importance of T6P in metabolic processes has also been
recently demonstrated in potato, where T6P has been shown to
influence tuber growth (Debast et al., 2011). Transgenic potato
lines over-expressing E.coli TPS (otsA) displayed reduced starch
content, decreased amounts of ATP coupled with an increased
respiration rate (indicating high metabolic activity), and delayed
sprouting. Conversely, lines that over-expressed the E. coli TPP
gene otsB, displayed significantly reduced T6P levels, and accumu-
lated soluble carbohydrates, hexose-phosphates, and ATP. These
plants no longer displayed any changes in starch content or early
sprouting (Debast et al., 2011). Taken together, these results indi-
cate that T6P functions as a key regulator of plant growth in
response to environmental stimuli by regulating the central carbon
metabolism.

T6P IN PLANT DEVELOPMENT
Apart from its role in regulating carbohydrate metabolism, T6P
has also been shown to be important for normal plant develop-
ment. This was first noticed in plants over-expressing trehalose
biosynthesis genes, which displayed a wide range of developmental
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defects. In addition, tps1 loss of function mutations in Arabidop-
sis demonstrated that TPS1 was required for successful embryo
maturation. Homozygous tps1 mutant embryos were shown to
initially develop normally, but further development was found to
be progressively retarded, and eventually stalled completely at tor-
pedo stage, when cell expansion and storage reserve accumulation
occurs (Eastmond et al., 2002). Later studies revealed that cell cycle
activity was perturbed in maturing mutant embryos and that the
cell walls of these embryos were thicker than those of wild-type
embryos (Gómez et al., 2006). Taken together these results indi-
cate that T6P plays an important role in orchestrating cell cycle
activity and cell wall biosynthesis with cellular metabolism during
embryo development (Gómez et al., 2006).

The function of TPS1 in regulating plant development is, how-
ever, not limited to embryogenesis. When embryo-lethal tps1
mutant plants were rescued by dexamethasone-inducible transient
expression of AtTPS1 during embryo maturation, the resulting
plants showed phenotypic abnormalities throughout vegetative
growth and floral transition (van Dijken et al., 2004). In particular,
the rescued plants exhibited delayed germination, slow develop-
ment, perturbed root growth, and a stunted stature. In addition,
the plants displayed reduced apical dominance and aerial rosettes
even under long day conditions. The abnormal growth patterns in
rescued tps1 mutants, which can be almost recovered by inducing
expression of TPS1, clearly show the role of T6P in plant vegetative
growth and development in Arabidopsis. In a more recent study,
expression of TPS1 from the seed-specific ABI3 promoter was used
to rescue tps1 embryo-lethal phenotype (Gómez et al., 2010). The
rescued plants displayed a severe growth arrest, accumulated sol-
uble sugars and starch and resulted in up-regulation of several
genes involved in ABA signaling. In addition, non-embryo-lethal
weak alleles of tps1 isolated from a TILLING population showed
reduced growth and delayed flowering when compared to wild-
type plants. These plants were also found to be ABA hypersensitive,
and accordingly displayed reduced stomatal aperture size (Gómez
et al., 2010). Taken together, these results suggest that T6P might
act through a mechanism involving ABA and sugar metabolism to
coordinate embryo maturation and vegetative growth.

Later in development, TPS1 is required for the timely induc-
tion of flowering. This was first demonstrated in tps1 mutant
plants that had been rescued through embryogenesis by means
of dexamethasone-inducible TPS1 expression (van Dijken et al.,
2004). Interestingly, these plants completely failed to flower, unless
TPS1 expression was induced (Figure 2). Delayed flowering has
also been observed in non-embryo-lethal weak alleles of tps1 iso-
lated from a TILLING population (Gómez et al., 2010). Induction
of flowering is known to be associated with starch mobiliza-
tion, a transient increase in leaf carbohydrates and finally the
export of sugars to the shoot apical meristem, suggesting that
phloem-mobile carbohydrates are a critical factor in controlling
the transition to flowering (Corbesier et al., 1998, 2002). The
finding that exogenous supply of sucrose is sufficient to promote
morphogenesis and flowering in Arabidopsis in the dark further
emphasizes the importance of carbohydrates in flowering (Roldán
et al., 1999). In addition, supplementation with 1% exogenous
sucrose was shown to rescue the late flowering phenotype of sev-
eral flowering time mutants (Roldán et al., 1999). The molecular

FIGURE 2 | Plants defective in trehalose-6-phosphate synthesis are late

flowering. Depicted are wild-type (Col-0) plants and homozygous tps1
mutants that carry a chemically inducible TPS1 rescue construct
(GVG::TPS1), which flower late when compared to wild-type control. Plants
were grown under long day photoperiod at 23˚C and the images were taken
on 20 and 50 days after sowing, for wild-type and homozygous tps1
mutant, respectively.

mechanisms by which sugars control the transition to flowering
are largely unknown. However, it seems likely that T6P as a signal
of sucrose status plays an important role in floral transition.

TPS1 is not the only Arabidopsis TPS gene for which a function
in plant development has been reported. The cell shape phenotype-
1 (csp-1) mutant, which has been mapped to a point mutation
in AtTPS6, a class II TPS gene, displayed an absence of lobes in
pavement cells, reduced trichome branching, altered leaf serration
and stem branching, and increased stomatal density (Chary et al.,
2008). However, since none of these alterations except for the cell
shape defects could be observed in a TPS6 T-DNA insertion line
(Chary et al., 2008), these findings need to be confirmed.

Finally, T6P metabolism has also been implicated in regulat-
ing inflorescence architecture or branching. The evidence for this
largely comes from the ramosa3 (ra3) mutant in maize. In ra3
plants the inflorescence branching pattern is disturbed. The tassel
or the male inflorescence of wild-type maize plants has elongated
branches at the base and also possesses a central spike consisting of
short branches with spikelet pairs. In contrast, the laterally placed
ears or the female inflorescences have short branches, which aids
in better packaging of seeds. However, the tassels of ra3 plants have
additional long branches and the ears produce abnormally shaped
long branches at their bases. The RA3 gene, which is expressed
in distinct domains delineating axillary inflorescence meristems,
has been shown to encode a TPP (Satoh-Nagasawa et al., 2006).
Genetic and molecular data indicate that RA3 regulates inflores-
cence branching by modification of sugar signals possibly coordi-
nated by T6P. RA3 is a functional TPP enzyme which acts upstream
of RA1 transcription factor in the RAMOSA pathway, thereby reg-
ulating inflorescence development (Satoh-Nagasawa et al., 2006).
This study nicely indicates that T6P metabolism can influence
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a specific developmental pathway in plants such as inflorescence
architecture.

CONCLUSION AND PERSPECTIVE
The last few years have seen considerable progress in our under-
standing of T6P signaling as a central player in coordinating
metabolism with growth and development. However, compared to
other plant signaling pathways, our knowledge of T6P signaling is
still relatively sparse. One reason for this has been the intricate and
tight connection between T6P signaling and other developmental
signaling pathways. Furthermore, uncovering the exact functions
of T6P with respect to specific physiological processes has proven

difficult, as it is present in plant cells only in low amounts. Another
obstacle has been that T6P is essential for plant development,
making the genetic analysis of the T6P signaling pathway rather
difficult. However, lately most of these technical hurdles have been
overcome and we can now expect new approaches to unravel the
remaining mysteries behind T6P as a central regulator of plant
growth and development.
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Chemical genetics is a powerful scientific strategy that utilizes small bioactive molecules
as experimental tools to unravel biological processes. Bioactive compounds occurring in
nature represent an enormous diversity of structures that can be used to dissect functions
of biological systems. Once the bioactivity of a natural or synthetic compound has been crit-
ically evaluated the challenge remains to identify its molecular target and mode of action,
which usually is a time-consuming and labor-intensive process. To facilitate this task, we
decided to implement the yeast three-hybrid (Y3H) technology as a general experimental
platform to scan the whole Arabidopsis proteome for targets of small signaling molecules.
The Y3H technology is based on the yeast two-hybrid system and allows direct cloning of
proteins that interact in vivo with a synthetic hybrid ligand, which comprises the biologically
active molecule of interest covalently linked to methotrexate (Mtx). In yeast nucleus the
hybrid ligand connects two fusion proteins: the Mtx part binding to dihydrofolate reductase
fused to a DNA-binding domain (encoded in the yeast strain), and the bioactive molecule
part binding to its potential protein target fused to a DNA-activating domain (encoded on a
cDNA expression vector). During cDNA library screening, the formation of this ternary, tran-
scriptional activator complex leads to reporter gene activation in yeast cells, and thereby
allows selection of the putative targets of small bioactive molecules of interest. Here we
present the strategy and experimental details for construction and application of a Y3H
platform, including chemical synthesis of different hybrid ligands, construction of suitable
cDNA libraries, the choice of yeast strains, and appropriate screening conditions. Based on
the results obtained and the current literature we discuss the perspectives and limitations
of the Y3H approach for identifying targets of small bioactive molecules.

Keywords: yeast three-hybrid, hybrid ligand, small signaling molecules, protein target identification, plant defense,

hormone signaling

BACKGROUND: FUNCTIONAL IMPORTANCE OF SMALL
MOLECULES
Organic small molecules participate in many biological processes,
such as metabolic pathways, signal transduction mechanisms,
and developmental programs, in which they often play impor-
tant, sometimes decisive roles. The binding of small molecules to
their target proteins may be reversible or irreversible. In case of
enzyme–substrate interactions, the small molecules are usually

Abbreviations: ABA, abscisic acid; AD, DNA-activating domain; CA, cucurbic
acid; CAMe, cucurbic acid methylester; Cpd8, compound 8; DBD, DNA-binding
domain; Dex, dexamethasone; DHFR, dihydrofolate reductase; GR, glucocorticoid
receptor; JA, jasmonic acid; JAMe, jasmonic acid methylester; Mtx, methotrex-
ate; PEG, polyethylene glycol; SA, salicylic acid; Y3H, yeast three-hybrid; 6OH-SA,
6-hydroxysalicylic acid (2,6-dihydroxybenzoic acid).

modified, whereas small signaling molecules acting as ligands
remain unchanged but may initiate modification of their recep-
tors, such as dimerization or phosphorylation (Cock et al., 2002;
Lemmon and Schlessinger, 2010; Schulze et al., 2010; Jaillais et al.,
2011; Li, 2011). When small molecules interfere with essential
steps in biological processes, they may exert pharmaceutical func-
tions, and many natural compounds are directly used as drugs or
serve as lead structure for the development of synthetic molecules
(Vuorela et al., 2004; Koehn and Carter, 2005; Molinari, 2009;
Kinghorn et al., 2011). Signaling molecules may act at nodes of
complementary signaling pathways in opposite manner, namely
as activators and/or repressors, and hence their abundance and
activity need to be tightly controlled. Such control mechanisms
include synthesis and degradation of the small signaling molecules,
as well as activation or inactivation by chemical modifications.
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The identification of proteins interacting with small signaling
molecules is of fundamental importance for understanding the
molecular mechanisms of signal perception and transduction.

In plants, the organic small molecules that largely dominate
research activity are a group of well-established hormones, includ-
ing auxin, cytokinin, gibberellin, abscisic acid (ABA), brassinos-
teroids, jasmonates, and salicylic acid (SA), which collectively, and
each by its own influence numerous aspects of growth, develop-
ment, and interaction with the environment (Grant and Jones,
2009; Pieterse et al., 2009; Depuydt and Hardtke, 2011). A long
and arduous quest has only in recent years been successful by
identifying the direct targets, i.e., the receptors, of most of the
classical plant hormones mentioned above (Santner and Estelle,
2009; Lumba et al., 2010). Although thereby a tremendous leap
in understanding the molecular mechanisms of plant hormone
action has been made, in comparison to animal hormone percep-
tion our knowledge is still fragmentary and many details need to
be unraveled; for example, how is selective activation of different
physiological responses by a single hormone achieved, what is the
functional significance of hormone modifications, how is cross-
talk between hormone pathways mediated, or how is hormone
action eventually turned off (Chow and McCourt, 2006; Santner
and Estelle, 2009; Lumba et al., 2010)?

Phytotoxins are another class of small molecules that are critical
for plant development and interaction with microbial pathogens
(Speth et al., 2007; Strange, 2007; Möbius and Hertweck, 2009).
They are low molecular weight substances produced by bacteria
or fungi that impair plant performance and thereby influence the
course of pathogen growth and disease/symptom development. To
understand the mechanisms used by various pathogens to colonize
their hosts, it is desirable to identify the cellular targets of phyto-
toxins and to unravel their modes of action. This knowledge may
help to protect plants from fungal and bacterial colonization and
to suppress disease development (Speth et al., 2007; Möbius and
Hertweck, 2009). Similarly, beneficial plant–microbe associations
as they occur in arbuscular mycorrhizal symbiosis and root nod-
ule symbiosis rely on mutual exchange of chemical signals, which
mediate host-specific recognition, and developmental alterations
in host organs to accommodate the symbiont (Jones et al., 2007;
Parniske, 2008; Badri et al., 2009; Kawaguchi and Minamisawa,
2010). In some instances the molecular mechanisms of this chem-
ical dialog has been deciphered, e.g., the bacterial Nod factor and
the related fungal Myc factor, both lipochitooligosaccharides, are
recognized by plant LysM receptor kinases (Ercolin and Reinhardt,
2011; Maillet et al., 2011). However, for other chemical signals that
are involved in symbiosis, such as flavonoids and strigolactones,
the targets still remain to be discovered (Badri et al., 2009; Akiyama
et al., 2010).

The diversity of small bioactive compounds has not only
been exploited by nature, but also by man as agrochemicals and
drugs to control weeds, pests, and diseases (Delaney et al., 2006;
Walsh, 2007). The common principle of modern-day pesticide
and drug development is to aim for highly selective compounds
with nanomolar affinity (or better) that act on a single molec-
ular target (Delaney et al., 2006; Casida, 2009). In addition to
commercial applications, biologists are currently also perform-
ing chemical screens to identify bioactive small molecules that

can be used to probe biological systems. This approach, referred
to as chemical genetics, offers an alternative to classical genetics
by substituting DNA mutations by systematic use of small mole-
cules to elicit defined phenotypes in a biological system. Chemical
genetic techniques have long been applied to animal systems in
areas such as cancer research, cell death, and drug development
(Stockwell, 2000, 2004; Mayer, 2003; Schreiber, 2003; Gangadhar
and Stockwell, 2007), but more recently have also found appli-
cation in plant biology (Blackwell and Zhao, 2003; Armstrong
et al., 2004; Serrano et al., 2007, 2010; Walsh, 2007; Hicks and
Raikhel, 2009; Knoth et al., 2009; Robert et al., 2009; Lin et al.,
2010; McCourt and Desveaux, 2010; Tóth and van der Hoorn,
2010; Kim et al., 2011). Chemical genetics not only offers an
alternative screening approach, it also has the potential to cir-
cumvent some of the inherent limitations of traditional forward
genetics, such as lethality or redundancy of gene functions. In
contrast to most mutations, a chemical enforced phenotype is con-
ditional because bioactive molecules can be added at any time and
dosages, and it is reversible because the chemical can in principle
be removed. As previously pointed out by Smukste and Stock-
well (2005), the success of a chemical genetic strategy relies on
(1) a robust assay that reliably reports on a biological process,
(2) the isolation of selective compounds that systematically per-
turb this process, and (3) the identification of the cellular targets
regulating the process of interest. Many recent advances have
facilitated chemical genetic screens, for instance synthesis of com-
plex chemical libraries (Schreiber, 2000; Kaiser et al., 2008; Wilk
et al., 2009), development of cell-based assays, and last but not
least, automation of assay assembly (liquid handling) and phe-
notyping, which allowed high-throughput screening (Hicks and
Raikhel, 2009). However, eventually, the identification of targets
of bioactive molecules remains the biggest challenge of all.

EXPERIMENTAL STRATEGIES TO IDENTIFY SMALL
MOLECULE TARGETS
The identification of small molecule targets that underlie the
observed phenotypic response is not only important in the basic
sciences for elucidating molecular mechanisms, but has also great
practical implications, for example in structure-based drug design.
In the plant field target identification of chemically reactive small
molecules via a combination of affinity purification and pro-
teomics is becoming more and more routine (Wang et al., 2008;
Kaschani et al., 2009; Kolodziejek et al., 2011; Nickel et al., in
press), whereas inert small molecules (non-covalently binding lig-
ands) remain challenging. Traditionally, identification of targets
was mainly achieved by applying biochemical in vitro methods in
particular affinity chromatography or other separation technolo-
gies combined with photoaffinity cross-linking or radiolabeled
ligand binding. These techniques have proven to be successful,
but they also suffer from evident limitations, which are gov-
erned in parts by the intrinsic properties of the small molecule.
For instance, high binding affinity of a ligand will facilitate tar-
get identification, whereas low binding affinity might result in
the loss of target proteins, particularly when they are present in
low abundance, as often the case for membrane-localized recep-
tors. Thus, equilibrium kinetics dictates the amount of target
in a protein extract that is required for its identification and
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isolation (Burdine and Kodadek, 2004; Terstappen et al., 2007).
Furthermore, immobilization of a small molecule ligand on a
solid support requires that an appropriate functional group or
linker is introduced and that this modification does not disrupt
or seriously impair the biological activity of the small mole-
cule (Zheng et al., 2004). Although biochemical enrichment and
detection methods have greatly improved in recent years, target
purification and identification via affinity purification remains
labor-intensive, time-consuming, and present-day versions rely-
ing on mass spectrometry and other profiling technologies are
sophisticated and technically challenging (Lomenick et al., 2009;
Rix and Superti-Furga, 2009).

Alternative technologies for target identification have been
developed that circumvent the potential problems associated with
low target protein abundance or low binding affinity. Genetic
approaches are powerful because they can identify physiologically
relevant targets, but they are limited to rapidly reproducing model
organisms (e.g., bacteria, yeast, nematode, fruit fly, Arabidopsis)
that allow screening of mutant populations for small molecule-
resistant phenotypes (Zheng et al., 2004). The recently achieved
deconvolutions of targets for several hormone-resistant Arabidop-
sis mutants are excellent examples for the success of this genetic
strategy (Chow and McCourt, 2006; Chini et al., 2007; Thines et al.,
2007; Murase et al., 2008; Shimada et al., 2008; Browse, 2009; Park
et al., 2009; Santner and Estelle, 2009; Lumba et al., 2010), but
they also document an enormous time gap between initial mutant
isolation and target identification. Another set of methods has in
common that identification of a small molecule target is combined
with cloning of its cDNA (Terstappen et al., 2007). Such expres-
sion cloning technologies, including the yeast three-hybrid (Y3H)
system, phage display and mRNA display, artificially increase the
abundance of the target by expressing it as recombinant fusion
protein, which may have properties that are different from the
native original, in particular, when post-translational modifica-
tions are involved. Among these techniques, the Y3H system is
particularly appealing because it not only offers direct access to
the genes encoding target proteins, but it also relies on small
molecule–protein interactions in living cells rather than in vitro
and it permits scanning of whole proteomes for targets (Kley,
2004; Terstappen et al., 2007). Importantly, this approach is not
restricted to model organisms.

TheY3H technology for studying protein–small molecule inter-
actions was originally developed by Licitra and Liu (1996). It is
an extension of the commonly used yeast two-hybrid system by
introducing a third hybrid component, the small molecule linked
to another ligand (Figure 1). Similarly, other Y3H approaches have
been developed to analyze tripartite interactions between proteins
and (hybrid) RNAs (Jaeger et al., 2004; Vollmeister et al., 2009;
Wurster and Maher, 2010). In plant systems this approach was
initially used to identify and characterize different RNA-binding
proteins (Maniataki et al., 2003; Campalans et al., 2004; Hwang
et al., 2005), but more recent applications also served to monitor
the assembly of trimeric protein complexes or to directly clone and
identify bridging proteins, thereby allowing to screen for new sig-
naling functions of proteins and peptides (Li et al., 2011; Nusinow
et al., 2011; Rietz et al., 2011; Sheerin et al., 2011). With respect
to protein–small molecule interactions, surprisingly, few reports

document the successful application of the Y3H system in search of
novel targets. For example, the identification of cyclin-dependent
protein kinases as well as other types of serine/threonine kinases
was achieved by using various kinase inhibitors including the drug
purvalanol B (Becker et al., 2004). Instead, the Y3H system has
rather been used to confirm binding of pharmacologically active
compounds, such as FK506, methotrexate (Mtx), or dexametha-
sone (Dex), to known targets (Licitra and Liu, 1996; Henthorn
et al., 2002; Becker et al., 2004; Terstappen et al., 2007). To date,
this variant of the Y3H technology has not been applied to plant
systems. In view of its apparent advantages, the implementation
of a Y3H platform for scanning whole plant proteomes for targets
of small molecules can serve two main functions: (1) to establish
complete catalogs of proteins interacting with small molecules that
have signaling function in plant cells, such as hormones or toxins,
and (2) to create a modular technology platform that allows and
facilitates the identification of protein targets of bioactive small
molecules that originate from high-throughput chemical screens,
such as chemical activators or inhibitors.

TOOL BOX FOR A FISHING TOUR: IMPLEMENTING THE Y3H
PLATFORM
To implement the Y3H system as new fishing technique, we
adapted already established fishing gear to our needs. As a variant
of the yeast two-hybrid system, which is commonly used to iden-
tify protein–protein interactions (Fields and Song, 1989; Phizicky
et al., 2003), the Y3H comprises three-hybrid components: (1) the
hook, (2) the bait, and (3) the fish (Figure 1). The successful inter-
action of these three modules creates a competent transcriptional
activator complex, which drives expression of a reporter gene.
Cells expressing the reporter are selected and sequencing their
plasmid DNA will reveal the identity of the small molecule tar-
get(s). A functional Y3H platform requires strategies for designing
and optimizing each of the involved hybrid components.

DESIGNING THE HOOK
The hook is a hybrid protein comprising two functional domains,
the DNA-binding domain (DBD) and the ligand-binding domain.
The Y3H systems reported previously rely on LexA or Gal4 as
DBD to which various proteins have been fused to create the
hook, including the glucocorticoid receptor (GR), FK506-binding
protein 12 (FKBP12), and dihydrofolate reductase (DHFR). The
common feature of these proteins is high-affinity binding of their
ligands, dexamethasone (Dex), FK506, and Mtx, respectively (Lin
et al., 2000; de Felipe et al., 2004). The previous successful appli-
cation of these ligand–receptor pairs in various Y3H systems also
established that neither derivatization of the small molecule nor
fusion of the receptor to the DBD impaired their binding capaci-
ties (Licitra and Liu, 1996; Lin et al., 2000; Henthorn et al., 2002;
Baker et al., 2003; Becker et al., 2004; Schneider et al., 2008).

We opted for the Y3H system expressing the hook vector encod-
ing the LexA–DHFR fusion protein because DHFR binds Mtx with
very high affinity (with K D in the picomolar range (Cayley et al.,
1981)) and it has been successfully used in Y3H screening (Becker
et al., 2004). By this selection we could also take advantage of the
yeast strain V874Y, which was engineered such that it contains two
reporter genes, LEU2 and lacZ, integrated into its genome (Baker
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FIGURE 1 |The yeast three-hybrid system for target identification. The
principle components of the Y3H system are (1) the hook, a fusion protein
consisting of a DNA-binding domain and the Mtx-binding enzyme DHFR, (2)
the bait, a hybrid ligand of Mtx chemically linked to a small molecule ligand
(L) of interest, and (3) the fish, a transcriptional activation domain fused to a
protein from a cDNA library (a potential target). The transcriptional activation
of the reporter gene (LEU2 or lacZ ) only occurs upon formation of the
trimeric complex. To validate the Y3H system, the Mtx–Dex hybrid ligand
can be used in combination with the high-affinity Dex-binding glucocorticoid
receptor (GR) fused to the activation domain. DHFR, dihydrofolate
reductase; Mtx, methotrexate.

et al., 2003). Both reporters are placed under the control of LexA
operators, whereas the hook, which is also integrated into the yeast
genome, consists of fusion between the LexA DBD and DHFR
under the control of the inducible GAL1 promoter. The pheno-
typic read-out of this integrated system was previously shown to
be much more reliable than the plasmid-based system, resulting in
significantly lower numbers of false negatives, i.e., white colonies
in β-galactosidase assays (Baker et al., 2002, 2003).

CUSTOMIZED BAITS: SYNTHESIS OF HYBRID LIGANDS
Fishermen know, the right choice of bait will determine the suc-
cess of a fishing trip. Here, the bait is a hybrid ligand in which
an “anchor” moiety is covalently connected via a linker to a com-
pound of interest (Figure 1). Each of these components can be
varied, thus leaving head space for optimization and innovation
(Licitra and Liu, 1996; Abida et al., 2002; Henthorn et al., 2002;

Baker et al., 2003; Becker et al., 2004; de Felipe et al., 2004; Dirn-
berger et al., 2006; Gallagher et al., 2007). However, for effective
and affordable chemical synthesis of functional baits a few criteria
should be considered. First, the “anchor” moiety should bind to
the hook with high affinity and be amenable to facile chemical
modification, thus making Mtx a prime choice. Second, the linker
not only determines the distance (spacing) between the two lig-
ands, it may also affect the solubility of the resulting hybrid ligand.
Previous, systematic studies revealed that the linker between the
two functional groups should have a minimum length of 5 car-
bon atoms to afford dimerization of the receptors, but a spacer
length of 12 atoms would be most favorable, whereas the chemical
nature of the linker had little impact on the biological read-out
(Abida et al., 2002). However, a polyethylene glycol (PEG) linker
will improve solubility of the hybrid ligand in comparison to an
aliphatic linker. Third, coupling of the small molecule of interest
to the linker should ideally not impair its biological activity, which
should be verified by appropriate bioassays. Finally, chemical syn-
thesis of baits should be designed such to provide a straightforward
route of few and simple reaction steps operating with good yields.

We applied chemical solution phase synthesis to obtain a vari-
ety of baits. To this end, the investigated small molecule probes
were connected via a polyethylene glycol (PEG) linker to the Mtx
moiety. To couple the small molecule with the Mtx–PEG part,
either free carboxylic acid residues [for ABA, JA, and compound
8 (Cpd8)] or hydroxyl moieties [for cucurbic acid (CA), cucur-
bic acid methylester (CAMe), and 2,6-dihydroxybenzoic acid] of
the small molecule under investigation were used, resulting in
either amide or ester linkages (Figure 2). In brief, the synthesis
of the Mtx–PEG-amine intermediate relied on Nagy’s protocol
(Nagy et al., 1993) to generate the required Mtx intermediate.
This compound was subsequently coupled with a PEG diamine
residue, using standard peptide coupling conditions, to afford the
key Mtx–PEG intermediate. For those small molecules that were
linked to the Mtx–PEG moiety via their carboxylic acid moi-
eties, a final standard peptide coupling between Mtx–PEG and
the small molecule followed by cleavage of all protecting groups
then afforded the desired baits. For those compounds that were
linked via their hydroxyl groups, an additional step was required.
The free hydroxyl group on the small molecule was first modi-
fied either with succinic anhydride (in case of CA and CAMe) or
with an ω-halo carboxylic acid (in case of 2,6-dihydroxy benzoic
acid) to generate a carboxylic acid intermediate that was subse-
quently coupled to the Mtx–PEG residue under standard peptide
coupling conditions. Cleavage of remaining protecting groups
and purification by HPLC then delivered the hydroxyl-linked
baits.

To test whether or not the Mtx–PEG-derivatized small signal-
ing molecules had retained their biological activity, we applied
bioassays that rely on activation of reporter gene expression in
planta (Koornneef and Pieterse, 2008; Schneider et al., 2008).
For example, Figure 3 shows that the hybrid ligands Mtx–JA and
Mtx–CAMe, in contrast to JA, did not activate expression of the
jasmonate-responsive LOX2p::GUS reporter gene (Figure 3A). By
contrast, Mtx–ABA antagonized jasmonate-induced gene expres-
sion similar to ABA, although at five times higher concentra-
tions (Figure 3B). However, lacking bioactivity not necessarily
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FIGURE 2 | Chemical structures of the hybrid ligands and compounds

used in this study. The Mtx–Dex hybrid ligand as synthesized from the thiol
derivatives of Mtx and Dex by Abida et al. (2002) contains a 10-methylene
chain linker. All other baits were synthesized with polyethylene glycol diamine
linker and the functional group of the small molecule used for coupling to the

Mtx–(PEG)3–NH2 intermediate is highlighted in red, the hydroxy groups were
converted to a succinyl ester HOOC–CH2–CH2–COO–R prior to coupling. JA,
jasmonic acid; ABA, abscisic acid; CA, cucurbic acid; CAMe, cucurbic acid
methylester; Cpd8, compound 8 (a palmitoylated benzodiazepinedione
derivative); 6OH-SA, 2,6-dihydroxybenzoic acid.

eliminates application of a bait from profiling experiments con-
sidering that it could bind to multiple targets, which may uncover
new biological functions of a small molecule. This has recently
been illustrated by a SNAP-tag-based Y3H screen using a bait that
was modified such to prevent binding of the drug erlotinib to
its known target, epidermal growth factor receptor (EGFR) tyro-
sine kinase, which is highly expressed and occasionally mutated
in various forms of cancer (Chidley et al., 2011). Indeed, the
screen did not yield EGFR or any other kinase, but uncovered
a new erlotinib target, oxysterol-binding protein-related protein 7
(ORP7).

CREATING SCHOOLS OF FISH: SYNTHESIS OF cDNA LIBRARIES
Fish is the target of a fishing tour and in the Y3H system it is con-
tained in the cDNA libraries. To date, mainly mammalian cDNA
libraries have been used with the Y3H technology (Licitra and Liu,
1996; Henthorn et al., 2002; Becker et al., 2004; Chidley et al.,
2011). To increase the yield, it is common practice to screens
various cDNA libraries with a bait. This allows isolation of multi-
ple targets if these are differentially expressed in tissues or under
certain conditions, and it reduces the odds of missing a target
because it is not contained or underrepresented in a library. In
general, working with multiple mammalian libraries is facilitated
by the large collection that is commercially available (Becker et al.,
2004; Chidley et al., 2011). Instead of screening whole libraries,
it may also be useful to generate and screen custom cDNA arrays

with specific baits, e.g., arrayed protein kinases with one or several
kinase inhibitors (Becker et al., 2004).

For the synthesis of plant cDNA libraries, we employed the
pDEST22 vector (Clone Miner™ cDNA Library Construction Kit,
Invitrogen, Life Technologies, Darmstadt, Germany). This vec-
tor is appropriated for the Y3H system because (1) it generates
fusion proteins of the cloned cDNA with the GAL4 activation
domain, (2) it contains TRP1 as selection marker for transforma-
tion into the employed yeast strain V874Y, which is auxotrophic
for tryptophan, and (3) it relies on the Gateway® recombination
cloning technology, which adds flexibility to the systems because
any plant cDNA library that was cloned into a Gateway® pDONR™
vector can easily be shuttled into pDEST22 (Schneider et al.,
2008). In addition, the Gateway®-based system also allows trans-
ferring the cDNA libraries to alternative Y3H platforms such as
the split-ubiquitin-based system (Johnsson and Varshavsky, 1994;
Dirnberger et al., 2006) or the Sos recruitment system (Aronheim
et al., 1997; Aronheim, 2001; see below). Once a fish is hooked, i.e.,
a target protein has bound to its small molecule ligand contained
in the bait, the assembled transcriptional activator complex initi-
ates expression of the reporter gene (Figure 1). We note that the
quality of cDNA libraries is of critical important for the success
of any screen. Therefore, we made sure that our libraries repre-
sents diverse and full-length cDNAs (average insert size 1120 bp)
and appropriate marker/candidate genes are contained, e.g., AOS,
OPR3, JAR1, COI1, and LOX2 for JA signaling.
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MÉNAGE À TROIS: SCREENING WITH THE Y3H SYSTEM
TESTING THE FUNCTIONALITY OF THE SYSTEM
Before starting extensive screening programs with the Y3H sys-
tem, it is appropriate and advisable to test the proper coopera-
tion of its three key components because the synthesized baits
are relatively large molecules (M r ≥ 1.000) and their uptake by
the yeast cells cannot be taken for granted. In addition, hybrid

FIGURE 3 | Evaluation of hybrid ligand bioactivity. Seedlings of an
Arabidopsis line containing the jasmonate-responsive LOX2p::GUS reporter
gene were grown for 2 weeks hydroponically in microtiter plates (0.5× MS
medium, Murashige and Skoog, 1962 containing 0.5% sucrose) and
exposed to the indicated compounds in the absence (A) or presence of
jasmonic acid methylester (JAMe, 100 μM) (B). Reporter activity was
determined after 48 h by GUS staining (modified from Schneider et al.,
2008).

ligands could be toxic and impair growth. The yeast Saccharomyces
cerevisiae is only weakly permeable for drugs and has efficient
transporters catalyzing extrusion of structurally and functionally
unrelated compounds out of the cells, thus mediating a pheno-
type known as multidrug resistance (Moye-Rowley, 2003; Gbelska
et al., 2006; Gulshan and Moye-Rowley, 2007). To test for func-
tionality, we took advantage of the well-characterized interaction
of DBD–DHFR, Mtx–Dex, and AD–GR in the Y3H system (Lin
et al., 2000). First, we confirmed that cells of strain V874Y trans-
formed with GR inserted in pDEST22 grow on selective medium
only in the presence of Mtx–Dex (Figure 4A). Secondly, we sup-
plemented this complete assay with increasing concentrations of
newly synthesized hybrid ligands, e.g., Mtx–CAMe, to compete
with Mtx–Dex binding. Decrease in reporter gene activity, i.e.,
reduced yeast growth on selective medium, was obtained with all
baits investigated, strongly suggesting that the baits were prop-
erly translocated into the yeast nucleus where they competed with
Mtx–Dex for binding to DBD–DHFR (Figure 4A). Finally, we
excluded the possibility that baits are toxic to yeast; no growth
restriction was observed on media containing baits at 100-fold
higher concentrations than used for screening.

YIELDS OF A FISHING EXPEDITION
The initial aim for establishing the Y3H platform focused on small
signaling molecules known to mediate plant defense responses
including jasmonates, SA and ABA, because these hormones act
synergistically or antagonistically in regulatory networks, but the
underlying molecular mechanisms of this signaling cross-talk are
not yet understood (Mauch-Mani and Mauch, 2005; Koornneef
and Pieterse, 2008; Spoel and Dong, 2008; Pieterse et al., 2009).
Correspondingly, we synthesized five baits: they consisted of Mtx
bound via a PEG spacer to jasmonic acid (Mtx–JA), cucurbic
acid (Mtx–CA), cucurbic acid methylester (Mtx–CAMe), abscisic

FIGURE 4 | Monitoring small molecule–protein interactions

using the yeast three-hybrid system. (A) Validation of the
Mtx-based system: expression of the hook gene (DBD::DHFR) and the
empty fish vector as control (AD) conferred cell growth on
galactose-containing synthetic complete (SC −His −Ura −Trp
+Leu) medium but not on SC −His −Ura −Trp −Leu medium. On
selective medium (−Leu) only yeast expressing the Dex-binding fusion
protein, AD::GR, grew in the presences of Mtx–Dex, and when X-Gal was
simultaneously added, also the expression of the second reporter gene
(lacZ ) was detectable (galactosidase activity). Yeast suspensions were
plated at two different densities, 4 × 104 cells/dot (left) and 4 × 102

cells/dot (right). Competition assays indicated that all hybrid ligand were
readily taken up by yeast cells: Addition of increasing concentrations of
other baits to Mtx–Dex-containing medium, here shown for Mtx–CAMe,
resulted in suppression of reporter gene expression and cell growth,

indicating that formation of the trimeric transcriptional activation complex
was prevented. (B) Verification of new candidate targets identified from
Y3H screens with the hybrid ligand Mtx–CAMe. Plasmid DNA (fish vector)
of two candidates identified in the initial screen was isolated and
transfected into new yeast cells harboring the hook, DBD::DHFR. All yeast
cells grew on +Leu but not on −Leu medium, including cells containing
only the empty fish vector (control AD). By contrast, when hook vector
(DBD::DHFR) and the fish vector harboring either of two CAMe-binding
proteins (AD::EH or AD::MTK ) were spotted on different selective media
(−Leu), reporter gene activation (growth and galactosidase activity) was
observed in presence of the specific bait, Mtx–CAMe, but not in the
presence of alternative baits such as Mtx–CA, indicating that the
interactions are highly selective. Addition of increasing concentrations of
Mtx out-competed Mtx–CAMe-dependent growth. EH, epoxide hydrolase;
MTK, 5-methylthioribose kinase; for other abbreviations see text.
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acid (Mtx–ABA), and the SA derivative 2,6-dihydroxybenzoic acid
(Mtx–SA; Figure 2). Note that both Mtx–JA and Mtx–CA are
jasmonate-derived baits, but the Mtx–PEG unit is attached to dif-
ferent functional groups and therefore the “jasmonate” residue is
presented in opposite orientation. This variation was designed to
minimize the risk of missing targets because an essential func-
tional group for binding is masked in the hybrid ligand. In
addition, we also used an unrelated hybrid ligand for screening
that was designed as specific inhibitor of mammalian acyl pro-
tein thioesterase 1 (APT1), which catalyzes the depalmitoylation
of the Ras protein (Deck et al., 2005). This inhibitor, compound
8 (Cpd8), is a palmitoylated benzodiazepinedione derivative and
a structural mimic of the C-terminus of processed H-Ras (Deck
et al., 2005).

We extensively screened several Arabidopsis thaliana cDNA
libraries that were synthesized from inflorescence, wounded or
pathogen-infected leaves (Schneider et al., 2008). Jasmonates are
known to play important roles in these tissues and processes
and we made sure that the selected cDNA libraries contained
potential targets (Stintzi and Browse, 2000; Li et al., 2004; Waster-
nack, 2007; Browse, 2009; Koo and Howe, 2009; Wasternack and
Kombrink, 2010). Transformation of yeast cells with the library
and the subsequent screening followed standard protocols (Gietz
and Woods, 2002; Becker et al., 2004). In brief, primary yeast
transformants (at least 106 per library) were plated on selective
medium (Synthetic Complete medium +Gal −His −Ura −Trp
−Leu) supplemented with baits (10 μM) and grown colonies
directly re-streaked on selective media plus and minus the respec-
tive bait. All clones surviving this second selection also survived
selection after retransformation of plasmids into new yeast cells
and thus were considered true candidates. The hybrid ligands
Mtx–JA, Mtx–CA, and Mtx–ABA did not yield any candidate
binding proteins from several million clones analyzed. By con-
trast, hybrid ligands containing CAMe, SA, and Cpd8 uncovered
specific candidate targets. A putative epoxide hydrolase (EH) and
5-methylthioribose kinase (MTK) were found to interact with
Mtx–CAMe, serine/threonine protein phosphatase 2C (PP2C6)

with Mtx–SA, and several members of the squamosa promoter-
binding protein (SBP) transcription factor family, SPL3, SPL4,
and SPL13 with Mtx–Cpd8 (Table 1). We note that proteins were
considered candidate targets only after stringent validation com-
prising secondary screens and several other control treatments: (1)
The fish vector was isolated from cells identified in the first selec-
tion round and re-transformed into new yeast cells, which were
again subjected to selective medium. This eliminates the possi-
bility that initial yeast growth is due to unwanted background
mutations in the yeast genome. (2) Growth of yeast cells express-
ing a particular candidate was strictly dependent on the presence of
the corresponding bait in selective medium (−Leu), whereas other
baits did not support growth. (3) We checked that the activation of
the LEU2 reporter gene was strictly dependent on the formation
of the ternary complex between hook, bait, and fish. As predicted,
increasing concentrations of Mtx out-competed the interactions
and suppressed yeast growth on selective medium (Figure 4B).
(4) In addition to LEU2, the yeast cells harbor lacZ as second
reporter gene. However, its activity was detectable only with some
candidates (e.g., EH) and not with others (e.g., MTK), which pre-
sumably reflects the strength of the protein–ligand interaction.
Finally, as evident from Table 1, the number of clones isolated
for individual candidate targets varied considerably, ranging from
1 to 37. Again, this can be considered as indicator of interaction
strength and/or abundance of a particular candidate target in the
corresponding sample (cDNA library).

The number of candidate targets we identified in our screens
is too low to draw general conclusions and yet, intriguingly, we
uncovered three enzymes interacting with JA or SA derivatives
and three members of a transcription factor family interacting
with Cpd8. For the enzymes it can be speculated that they either
catalyze conversion of the corresponding compound (or a related
derivative) or that their enzymatic activity is regulated by ligand
binding. Enhanced expression and activity of EH have been associ-
ated with pathogen defense and protection from oxidative damage
in several plant species, although a bona fide substrate remained
elusive (Guo et al., 1998; Gomi et al., 2003; Wijekoon et al., 2008,

Table 1 | Candidate target proteins identified using the yeast-based screening platform for profiling of small molecule interactions.

Protein targeta Function Locus ID Bait cDNA Library Activation of lacZ b Competed out by Mtxb

EH (7×) Epoxide hydrolase At3g51000 Mtx–CAMe Wounded leaves Yesc Yes

MTK (1×) 5-Methylthioribose kinase At1g49820 Mtx–CAMe Wounded leaves Noc Yes

PP2C6d (1×) Serine/threonine protein

phosphatase C2

At3g55050 Mtx–SA Wounded leaves No Yes

SPL3 (37×) Transcription factor At2g33810 Mtx–Cpd8 Inflorescence nde Yes

SPL4 (2×) Transcription factor At1g53160 Mtx–Cpd8 Inflorescence nd Yes

SPL13 (1×) Transcription factor At5g50570 Mtx–Cpd8 Wounded leaves nd Yes

Candidate targets were identified by screening for yeast growth on selective medium (–Leu) supplemented with the bait indicated. A total of about 106 colonies were

screened for each library and bait. No candidates were obtained with Mtx–JA, Mtx–CA, and Mtx–ABA.
aThe number of hits in brackets shown for each target represents the total number of independent yeast colonies identified during the cDNA library screenings.
bAll initial candidates were validated by retransfection into new yeast cells, activation of the second reporter gene (lacZ), and competition between the bait and Mtx.
cSee Figure 4B.
dThe corresponding cDNA is not full length, the protein is truncated at the N-terminus.
eNot determined.
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2011). Fatty acid epoxides are precursors of jasmonate and other
oxylipins and EH may play yet unknown roles in generation of
signals for activation of certain defense responses (Mosblech et al.,
2009; Wasternack and Kombrink, 2010). However, the Arabidopsis
EH identified here has not been studied previously and there-
fore its function remains unknown. MTK is a key enzyme of the
methionine cycle, which is essential for sulfur metabolism and eth-
ylene biosynthesis (Sauter et al., 2004; Bürstenbinder et al., 2007).
Regulation of this enzymatic step by jasmonates may be involved
in coordinated biosynthesis of ethylene and jasmonate, which
are known to function cooperatively (Lorenzo and Solano, 2005;
Wasternack, 2007; Pieterse et al., 2009). Likewise it is tempting
to speculate that SA-mediated activation of defense responses not
only occurs via protein kinases (Brodersen et al., 2006; Bartels et al.,
2009), but may also involve protein phosphatases, such as PP2C6
acting on unknown substrates. PP2C6 shares high sequence simi-
larity with other members of the protein phosphatase family (up to
87%), but whether or not this results in functional redundancy has
not yet been explored (Schweighofer et al., 2004). The SBP-domain
containing proteins are a group of plant-specific transcription fac-
tors that are encoded by moderately sized gene families in all seed
plants, and in Arabidopsis it is represented by 17 members of the
SPL gene family (Cardon et al., 1999; Riese et al., 2007). Individual
family members are known to be involved in developmental pro-
grams, e.g., floral transition and leaf serration, as well as stress and
hormone responses. However, redundancy resulting from the high
degree of similarity between different family members seriously
impairs functional analyses and therefore knowledge of the regula-
tory mechanism of SBP-box transcription factors is rather limited
(Riese et al., 2007). It is tempting to speculate that Cpd8 may func-
tion as molecular glue, mimicking an unknown natural compound
that helps to assemble an active transcriptional protein complex.

Obviously, our Y3H approach did not yield any of the recently
identified receptors of the plant hormones, ABA or JA (Chini
et al., 2007; Thines et al., 2007; Ma et al., 2009; Park et al., 2009).
Also, the targeted approach, expressing the ABA and JA recep-
tors PYR1/RCAR1 and COI1, respectively, as fishes in yeast did
not yield detectable interactions with the baits Mtx–ABA or Mtx–
JA. In view of the resolved structures of both hormone receptors
these results are not surprising because (1) both hormones bind at
the interfaces of multimeric protein complexes, which cannot be
resolved by the Y3H approach; (2) ABA is completely embedded
in its dimeric receptor (Lumba et al., 2010), and the Mtx-tagged
hormone apparently does not allow formation of a stable complex
with a single component; (3) the bioactive jasmonate is indeed
the JA–Ile conjugate (Browse, 2009; Fonseca et al., 2009), which
we have not yet used for bait synthesis; (4) both ABA and JA
are hydrophobic small molecules that require very close interac-
tion with putative receptors to afford tight binding, because their
binding relies solely on weak Van der Waals forces (in contrast to
strong electrostatic interactions between polar molecules such as
JA–Ile). Nevertheless, we note that the Y3H screening provided
interesting and promising new hits as starting points for further
studies, but the biological significance of the interactions between
the candidate target proteins and the small molecule moieties of
the corresponding baits needs critical evaluation. This is obviously
relevant since none of the identified putative targets are known to

interact with the different test compounds employed. Therefore,
the interactions need to be confirmed in vitro and/or in planta
by experimental approaches that include binding assays with the
unmodified small molecule and characterization of Arabidopsis
mutants that are defective in the respective candidate target gene.

EVALUATION OF THE METHODOLOGY: PROS AND CONS OF
THE Y3H SYSTEM
We have demonstrated that the Y3H technology is a valid approach
to isolate binding protein candidates of small bioactive molecules
from plant sources in extension of previous successful applications
to yeast and mammalian systems, which were nurtured from drug
research aiming at drug target identification (Licitra and Liu, 1996;
Becker et al., 2004; Dirnberger et al., 2006; Chidley et al., 2011). The
clear advantages of the Y3H system over biochemical approaches
for target identification are as follows: (1) The interaction between
the ligand and its binding protein is monitored in vivo; (2) the
technology relies on expression cloning and thereby allows facile
and direct identification of the protein targets by sequencing, and
therefore, (3) the method is independent of the amount of biolog-
ical starting material and should yield results, provided that the
protein targets are represented in the cDNA library used; (4) the
method can uncover multiple targets in single screen, but only one
at a time (see interaction of Cpd8 with SPL isoforms), thus redun-
dancy of gene function is not a problem, unlike in genetic screens,
and similarly, (5) identification of target proteins that would cause
a lethal phenotype when absent is likewise no problem, unlike in
classical genetic screens.

Of course, all experimental approaches also have their limita-
tions. Quite unexpectedly, and in contrast to common experience
with the Y2H system, we uncovered only very few candidate tar-
gets for most of the hybrid ligands we used for screening, some
even yielding none. This presumably reflects the strength of the
protein–ligand interaction, since the largest and most hydrophobic
molecules such as Cpd8 and Dex provided numerous candidates
(Table 1) and strong reporter activation (Figure 4A), respectively.
Correspondingly, the success of a screen will be affected by the
nature of the bait. To generate hybrid ligands requires chemical
synthesis, which may be difficult or unaffordable depending on
the nature or availability of the small molecules of interest. It is
important to realize that the Y3H system also suffers from some
inherent limitations: (1) The read-out of the system is reporter
gene activation and therefore only soluble target proteins that
translocate to the yeast nucleus can be identified, whereas pro-
teins localizing to organelles or membranes escape detection. (2)
Identification of multimeric target protein complexes is not possi-
ble since only single cDNAs are expressed in individual yeast cells.
(3) Both the bait and the target protein are hybrid molecules and
the introduced modifications may impair their efficient interac-
tion or other structural/steric constraints may prevent formation
of a stable complex. (4) As mentioned earlier, uptake of hybrid lig-
ands needs consideration since yeast has efficient drug extrusion
systems.

Some of these inherent limitations can be circumvent by mod-
ifications that have recently been introduced to the Y3H sys-
tem. For instance, using a modified split-ubiquitin system allows
monitoring small molecule–protein interactions outside of the
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yeast nucleus (Dirnberger et al., 2006). The system employs fusion
proteins of the N- and C-terminal ubiquitin halves to generate the
hook and the fishes and relies on the reconstitution of ubiquitin
upon their interaction with the bait, which triggers degradation
of the Ura3 reporter system allowing growth of yeast cells in the
presence of the otherwise toxic compound, 5-fluoroorotic acid
(Johnsson and Varshavsky, 1994). Similarly, the Sos recruitment
system, originally designed to detect protein–protein interactions
(Aronheim et al., 1997; Aronheim, 2001), has also successfully been
modified for selective monitoring of receptor–ligand interactions
occurring at the plasma membrane. The system relies on the inabil-
ity of the yeast strain cdc25H to grow at restrictive temperature
(37˚C) due to a mutation in the cdc25 gene encoding a guanyl
nucleotide exchange factor, which actives Ras signaling pathway.
This temperature-sensitive phenotype can be rescued by expres-
sion of the human Sos gene, but only when the protein is targeted
to the plasma membrane via protein–protein interaction or for-
mation a ternary complex comprising two fusion proteins and a
corresponding bait (Aronheim, 1997; Broder et al., 1998). In fact,
we could demonstrate that myristylated, membrane-anchored
GR recruited the DHFR–hSos fusion protein to the membrane
only in the presence of the bait Mtx–Dex and thereby initiated
Ras-dependent growth of the temperature-sensitive yeast mutant
strain cdc25H at restrictive temperature. Both methods expand
the experimental conditions for detecting small molecule interac-
tions with target proteins by the Y3H system. Other modifications
and developments aimed at circumventing the low permeability of
yeast for chemicals, for example by designing a mammalian three-
hybrid system by adaptation of a mammalian protein–protein
interaction trap (MAPPIT) system (Eyckerman et al., 2001; Tav-
ernier et al., 2002; Caligiuri et al., 2006), or by deleting three
genes encoding broad-spectrum drug transporters from the yeast
genome to increase uptake of chemicals (Chidley et al., 2011).
An interesting recent variant of the Y3H system is the SNAP-tag-
based version, which permits to covalently anchor the bait, a hybrid
ligand of O6-benzylguanine with a small molecule, to the hook,
a fusion between the SNAP protein and the LexA DBD, and to
screen for interacting target proteins by transcriptional activation
of reporter genes as in the conventional Y3H system (Chidley et al.,
2011). This system not only stabilizes the hook–bait interaction,
but it also allows independent validation of the binding of the small
molecule to the target protein by affinity chromatography, using a

matrix with immobilized GST–SNAP fusion protein and anchored
small molecule. Such approach is very convenient because inde-
pendent confirmation of Y3H interactions outside of yeast cells is
not always an easy task, as we were taught by own experience with
candidate targets. Thus, despite obvious limitations, the Y3H sys-
tem has sufficient potential to generate candidates for subsequent
in vivo and in planta analysis. In addition, further modifications
of the technology can be envisioned to expand its application, for
example by coupling Mtx to peptides, oligonucleotides, or other
biomolecules.

CONCLUSION
The Y3H system shows great promise as a tool for scanning whole
expressed genomes for binding proteins of small molecules. It has
been successfully used to identify and/or confirm mammalian tar-
gets of several inhibitors or drugs (Licitra and Liu, 1996; Henthorn
et al., 2002; Becker et al., 2004; Dirnberger et al., 2006; Chidley et al.,
2011). We have demonstrated that this direct functional cloning
strategy can also be applied to plant systems and that several syn-
thesized hybrid ligands comprising plant-specific small signaling
molecules allowed the identification and isolation of putative pro-
tein targets from various plant cDNA libraries. Although the Y3H
system is still a relatively new technology (Licitra and Liu, 1996), it
received several modifications with the aim to circumvent some of
its inherent limitations, such as the requirement for nuclear target-
ing or high-affinity binding (Dirnberger et al., 2006; Chidley et al.,
2011). Such refinements will expand the experimental conditions
for application of Y3H systems and it can be expected that many
more protein targets of drugs and other small molecules will be
identified with this innovative technology. However, the relative
complexity of the system also requires a committed investment
into the creation and optimization of its different modules such as
chemical synthesis and molecular cloning and screening strategies.
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Suberin is a highly persistent cell wall polymer, predominantly composed of long-chain
hydroxylated fatty acids. Apoplastic suberin depositions occur in internal and peripheral der-
mal tissues where they generate lipophilic barriers preventing uncontrolled flow of water,
gases, and ions. In addition, suberization provides resistance to environmental stress con-
ditions. Despite this physiological importance the knowledge about suberin formation has
increased slowly for decades. Lately, the chemical characterization of suberin in Arabidop-
sis enabled the proposal of genes required for suberin biosynthesis such as β-ketoacyl-CoA
synthases (KCS) for fatty acid elongation and cytochrome P450 oxygenases (CYP) for fatty
acid hydroxylation. Advantaged by the Arabidopsis molecular genetic resources the in silico
expression pattern of candidate genes, concerted with the tissue-specific distribution of
suberin in Arabidopsis, led to the identification of suberin involved genes including KCS2,
CYP86A1, and CYP86B1. The isolation of mutants with a modified suberin composition
facilitated physiological studies revealing that the strong reduction in suberin in cyp86a1
mutants results in increased root water and solute permeabilities. The enhanced suberin
1 mutant, characterized by twofold increased root suberin content, has increased water-
use efficiency and is affected in mineral ion uptake and transport. In this review the most
recent findings on the biosynthesis and physiological importance of suberin in Arabidopsis
are summarized and discussed.

Keywords: suberin, endodermis, Casparian band, ω-hydroxy acids, stress tolerance

INTRODUCTION
Suberin is an apoplastic biopolymer deposited during secondary
cell wall differentiation in specialized plant tissues. The best-
known occurrence of suberin is the periderm of Quercus suber,
the cork oak tree. This tissue at the interface between the plant
and the environment consists to more than 50% of suberin (Graça
and Pereira, 2000). As indicated by the long shelf live of cork stop-
pers, the apoplastic deposition of suberin protects polysaccharide
cell walls from decomposition. Therefore suberized cell walls are
the most persistent plant components of composting tree barks
in soil (Kolattukudy, 2001). The unique insulation properties of
cork resemble the physiological importance of suberin in plants.
The apoplastic incrustation with the lipophilic suberin polymer
turns generic, hydrophilic plant cell walls into diffusion barriers
for water, gases, and solutes.

Generally suberin is present in cell walls of the root endodermis
and hypodermis (Enstone et al., 2003). In a primary developmen-
tal state of the endodermis and in most plants also the exodermis,
suberin can be present in Casparian bands (CB), the very local-
ized structural modifications of the radial cell walls that reduce the
apoplastic transport in and out of the stele (Schreiber et al., 1999;
Schreiber and Franke, 2011). In the secondary developmental state

Abbreviations: CB, Casparian bands; Diacids,α,ω-dicarboxylic acids; FAE, fatty acid
elongation; FAR, fatty acyl reductase; GPAT, glycerol-3-phosphate acyltransferase;
P450, Cytochrome P450 monooxygenases.

a suberin lamella is deposited all around the exo- and endodermal
cell wall which then forms a barrier also restricting the symplas-
tic transport of water and solutes (Schreiber, 2010; Ranathunge
et al., 2011). In addition, the widespread occurrence of suberin
also includes none-cutinized aboveground plant–environment-
interfaces such as periderms, the seed coat, and wound healing
tissues (Kolattukudy, 2001).

MACROMOLECULE CHEMISTRY
Suberin in cell walls is insoluble and can therefore not be iso-
lated without modification, which limits our understanding of
the polymer in situ. A lot of what we know about the chem-
istry of suberin, and also what we assume about the suberin
macromolecule, is based on the “most logic assembly” of the
components found in suberin depolymerisates of destructive pro-
tocols with certain specificity. These suberin analysis methods have
only been adapted to Arabidopsis in 2005 (Franke et al., 2005),
opening the doors for molecular genetic approaches in suberin
research in this model species. Based on such compositional
analyses suberin can be chemically described as an biopolyester
mainly comprised of ω-hydroxy acids and α,ω-dicarboxylic acids
(diacids) and lower amounts of fatty acids and alcohols; ranging
in carbon chain length from C16 to C32 (C24 in Arabidopsis).
Glycerol and minor amounts of aromatic phenylpropanoids are
also part of the aliphatic suberin polyester (Franke et al., 2005;
Franke and Schreiber, 2007; Graça and Santos, 2007; Graça, 2009;
Li-Beisson et al., 2010). The association of this polyester with

www.frontiersin.org January 2012 | Volume 3 | Article 4 | 46

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2012.00004/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=40872&d=1&sname=RochusFranke&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=43547&d=2&sname=isabeldombrink&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=35074&d=2&sname=lukasschreiber&name=Science
mailto:rochus.franke@uni-bonn.de
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Franke et al. Molecular genetic approaches in suberin research

aromatic polymers in periderms and the confirmation of link-
ages to phenolic units has also led to the tentative model that
suberin is a heterogeneous polymer of polyaliphatic and pol-
yaromatic domains (Kolattukudy, 2001; Bernards, 2002; Mattinen
et al., 2009). A direct linkage of these two components is an ongo-
ing discussion since aliphatic polyester and polyaromatic domain
polymers can only be analyzed separately. If not mentioned oth-
erwise, in this review the authors refer to suberin as the aliphatic
polyester since knowledge about synthesis and function of this
fraction has significantly advanced in the recent years.

BIOCHEMICAL DIFFICULTIES FAVOR MOLECULAR GENETIC
STUDIES
Based on the monomeric composition of mostly oxygenated fatty
acid derivatives with various chain lengths it was evident that
key steps in suberin monomer biosynthesis include fatty acid
elongation (FAE), ω-hydroxylation, diacid formation, and aro-
matic component synthesis (For a recent pathway model see
http://aralip.plantbiology.msu.edu/pathways/suberin_synthesis_
transport). Only a few biochemical approaches have been reported
in the past four decades. Nevertheless, they provided signifi-
cant allusions to enzymes of the suberin biosynthetic machinery.
Cytochrome P450 monooxygenases (P450), oxidoreductase, FAE,
and peroxidase activities involved in fatty acid ω-hydroxylation,
diacid formation, FAE, and aromatic compound polymerization
respectively, were detectable in polyester forming tissues of various
none model species (Agrawal and Kolattukudy, 1977; Soliday and
Kolattukudy, 1977; Razem and Bernards, 2003; Schreiber et al.,
2005c). However, these studies in bean, potato, and corn did not
succeed in the isolation and final characterization of defined reac-
tions in suberin pathways. Reasons for the limited progress of
biochemical approaches include the tissue-specific distribution of
suberin in scarce tissues limiting source material and the mem-
brane associated localization of involved enzyme activities and
multi enzyme complexes. In addition, potential substrates for
in vitro assays such as very-long-chain oxygenated fatty acids are
not commercially available.

CORRELATIONS BETWEEN SUBERIZATION AND
PHYSIOLOGICAL PARAMETERS
The application of micromanipulating sampling techniques tar-
geting suberized tissue and sophisticated compositional analy-
sis methods to investigate root suberization in the late 1990s
(Schreiber et al., 1999) allowed to quantitatively describe differ-
ences in tissue-specific suberization between species (Schreiber
et al., 2005b), as well as upon environmental conditions (Zim-
mermann et al., 2000; Schreiber et al., 2005a). Such studies in rice
revealed that CB formation and deposition of lamellar suberin
in the root exodermis is significantly enhanced under environ-
mental stress conditions such as salt stress (Krishnamurthy et al.,
2009) or oxygen deficiency (Kotula et al., 2009). Furthermore,
the increasing root suberin content negatively correlated with
the accumulation and transport of sodium into shoots (Krish-
namurthy et al., 2009, 2011). A similar quantitative relation was
established between the increasing exodermal suberin content
along the root axis and decreasing radial oxygen loss (Kotula et al.,
2009).

The above examples represent only a compendium of multiple
correlative evidences that quantitative differences in exodermal or
endodermal suberin impact the permeability of water and solutes
across roots in the adaptations to oxygen, salt, and drought stress
(Ranathunge et al., 2011). However, care should be exercised in the
evaluation of the “contribution” of suberin to the observed phys-
iological effects when interpreting physiological parameters and
cell wall modifications upon extreme culture conditions. Based on
transcriptomic studies it can easily be imagined that modified cul-
ture conditions result in a comprehensive reprogramming of gene
expression and metabolism (Kilian et al., 2007). Therefore physi-
ological adaptations to unfavorable conditions are not necessarily
directly related to suberin only. To gain more insides into the phys-
iological importance of suberin in stress tolerance and the relation
between suberin chemistry and permeability, plants are required
in which only suberin is modified. An increased knowledge about
suberin biosynthesis and deposition to specifically modify suberin,
e.g., in mutants and transgenic plants, is a key to investigate func-
tional effects and physiological parameters without background
effects due to varied growth conditions, developmental stage, or
species used in a study.

FUNCTIONAL GENOMICS FACILITATED THE IDENTIFICATION
OF KEY FACTORS IN SUBERIN MONOMER BIOSYNTHESIS
Molecular genetic approaches in the previously used “suberin
model species” such as the long live circle tree Q. suber and the
polyploid potato were strongly limited since targeted mutagene-
sis, mapping, and reverse genetics are rather generation spanning
projects in these species. Consequently,Arabidopsis with the wealth
of genomic resources got increasing attention in suberin research
after the distribution and chemistry of suberin had been char-
acterized in this short living model species (Franke et al., 2005).
As most suberin detection methods are laborious and/or plant
lethal, high throughput forward screens are disadvantages favor-
ing reverse genetic approaches. One strategy was the short listing
of candidate genes potentially involved in fatty acid oxygenation,
elongation, or conjugation based on transcript abundance in tis-
sues undergoing suberization. Community serving, large scale
expression studies generating publicly available transcriptomic
sets with high developmental-, organ-, and tissue-specific resolu-
tions (Birnbaum et al., 2003; Brady et al., 2007; Kilian et al., 2007)
greatly facilitated the selection of potential suberin biosynthetic
genes out of multimember families.

The ω-hydroxylation of fatty acids, required to produce the
predominant suberin monomers, is typically catalyzed by P450s
(Pinot and Beisson, 2011), a family of proteins represented by
272 genes in the Arabidopsis genome (Schuler et al., 2006). Tran-
scriptomic data sets have been screened for root expression and
among the top 50 root expressed P450, members of the CYP86 and
CYP94 subfamily were identified (Figure 1). These sub families are
known to catalyze fatty acid ω-hydroxylation in plants (Kandel
et al., 2006). Recombinant CYP86A1 was previously character-
ized as the first C16 and C18 fatty acid ω-hydroxylase from plants
(Benveniste et al., 1998). However, only the characterization of the
corresponding horst mutant 10 years later revealed the biological
process CYP86A1/HORST is involved. Detailed expression studies
using promoter:reporter fusions showed that CYP86A1/HORST
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FIGURE 1 | Expression level of the 50 most highly root expressed

Arabidopsis P450. Data were extracted from online published results of NSF
2010 project (0115068) “Functional genomics of P450s”

(http://arabidopsis-p450.biotec.uiuc.edu). Expression values are normalized
relative to a universal control created from a control RNA pool derived from all
aerial tissues and roots. Putative ω-hydroxylases are indicated in red.

is specifically expressed in the roots, in particular in the endo-
dermis, the suberized tissue of roots (Höfer et al., 2008). The
compositional suberin analysis of cyp86a1/horst mutant roots
demonstrated the involvement in suberin biosynthesis. Consistent
with the catalytic function of the recombinant CYP86A1/HORST
protein, C16 and C18 oxygenated fatty acids are strongly reduced
in cyp86a1/horst suberin, resulting in a 60%reduction in total root
suberin (Li et al., 2007; Höfer et al., 2008). Translational fusions
of CYP86A1 with GFP demonstrated that bulk parts of suberin
biosynthesis are taking place at the endoplasmic reticulum.

Subsequently, the CYP86B1 was characterized to have a very
similar expression pattern in the root endodermis (Compagnon
et al., 2009). In the corresponding ralph mutant the effect on
total suberin was not significant, but a pronounced monomer spe-
cific effect was determined. Very-long-chain ω-hydroxy acids and
diacids, specifically of carbon chain length C22 and C24, were
almost completely lacking in root suberin as well as in the seed
coat (Compagnon et al., 2009; Molina et al., 2009). In RNAi
lines these chain-length-specific phenotypes correlated with the
partially decreased CYP86B1/RALPH expression levels, further
demonstrating that CYP86B1 is required for ≥C22 ω-oxygenated
fatty acids in suberin. The depletion in very-long-chain oxy-
genated fatty acids was compensated by an increase in C22 and C24
acids in approximately stoichiometric amounts. Although many
attempts to characterize the recombinant enzyme failed these com-
positional data strongly suggest that CYP86B1/RALPH encodes
a very-long-chain specific fatty acid ω-hydroxylase uncovered in
plants before. Furthermore, the replacement of bifunctional fatty
acids by monofunctional fatty acids in the cyp86b1/ralph suberin
polyester clearly indicates that suberin structure needs more inves-
tigation. As discussed by Molina et al., 2009, a large fraction
of monofunctional monomers should preclude an extended or
cross-linked aliphatic polymer, since monofunctional fatty acids

terminate the ester polymer chain. Thus yet unidentified com-
ponents are required to describe the suberin macromolecular
structure.

One chemical difference between the aliphatic polyesters cutin
and suberin is the occurrence of very-long-chain monomers in
suberin compared to the C16 and C18 dominated cutin (Franke
et al., 2005; Pollard et al., 2008). Therefore another molecu-
lar target in suberin biosynthesis is FAE. β-ketoacyl-CoA syn-
thases (KCS) are the key enzymes in this process (Joubès et al.,
2008). The much smaller KCS gene family seemed to be suit-
able to identify the suberin candidates amongst the 21 Ara-
bidopsis KCS by a systematic characterization of the gene fam-
ily, as intended in the Arabidopsis 2010 initiative. Unfortunately,
molecular genetic and biochemical studies revealed broad over-
laps in both enzymatic function and expression pattern, which
slowed down the short listing of KCS candidate genes. Only
three C2-extending FAE-cycles are required to provide the carbon
backbone of the “longest” (C24) Arabidopsis suberin monomers,
but at least seven KCS are characterized by a strong expres-
sion in roots (Figure 2; Joubès et al., 2008). Further more, at
least five Arabidopsis KCS have been demonstrated to be able
to participate in the elongation to C22 (Trenkamp et al., 2004;
Blacklock and Jaworski, 2006; Paul et al., 2006), the predom-
inant very-long-chain monomers in Arabidopsis root suberin.
Nevertheless, KCS2/DAISY and KCS20 were identified to be
involved in suberin formation. The only moderate chemical phe-
notypes in the corresponding mutants (Franke et al., 2009; Lee
et al., 2009) might reflect the above redundancy. The minor
but significant suberin changes could also indicate that muta-
tions in the above KCS, which could also be involved in other
processes requiring very-long-chain fatty acids (e.g., membrane
lipids), secondarily affect the fatty acid pool for suberin monomer
biosynthesis.

www.frontiersin.org January 2012 | Volume 3 | Article 4 | 48

http://arabidopsis-p450.biotec.uiuc.edu
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Franke et al. Molecular genetic approaches in suberin research

FIGURE 2 | Root expression patterns of selected Arabidopsis
β-ketoacyl-CoA synthases (FAE–KCS). For the indicated FAE–KCS
(presented by AGI code) the putative promoter regions (1100–1900 bp)
upstream the ATG start codon were fused to the GUS reporter gene
and introduced into Arabidopsis wild-type plants. Seedling roots of

ProFAE–KCS:GUS transgenic lines were incubated in a GUS staining
solution for 2–4 h as described Franke et al. (2009) and microscopically
inspected. A transgenic line transformed with the same, but
promoter-less, GUS containing vector was similar treated to serve as a
control (top left).

Similar to the P450 above, also GPAT5, the first gene identified
in suberization, is expressed in the root endodermal tissue (Beisson
et al., 2007). The detailed characterization of the gpat5 mutants
revealed that the encoded glycerol-3-phosphate acyltransferase is
involved in the formation of C22 and C24 very-long-chain oxy-
genated suberin monomers in roots and also in the seed coat.

Furthermore, extractable C22/C24 monoacylglycerols and very
long-chain alkyl hydroxycinnamate esters, designated root waxes
in dependence of suberin associated peridermal waxes, are also
reduced in gpat5 mutant roots indicating a central role of GPAT5
in the biosynthesis of extractable and polymer bound extracellu-
lar lipids. Different from sn-1 acylation by GPATs in the metabolic
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pathways of membrane and storage lipid biosynthesis, GPAT5 cat-
alyzes the sn-2 acylation of glycerol (Yang et al., 2010). In the
biochemical characterization of related proteins, sn-2 acylation
was exclusively found for GPATs involved in extracellular poly-
ester biosynthesis. Therefore and due to the absence of GPATs
with sn-2 acylation related domains in animals, microorganism,
and algae, sn-2 acylation is hypothesized to be associated with land
plant evolution (Yang et al., 2010).

The continuing expansion and cross-linking of Arabidopsis
resources enabled the development and employment of compre-
hensive bioinformatics tools including the generation and analysis
of transcriptional networks. The use of the above suberin genes to
deduce such networks resulted in the successful isolation of new
coexpressed suberin involved genes such as fatty acyl reductases
(FAR1, FAR4, FAR5; Domergue et al., 2010) and a feruloyl trans-
ferase ASFT (Molina et al., 2009), the latter representing the first
gene required for aromatic suberin constituents.

A very nice example of synergistic effects due to the employ-
ment of the same model species is the characterization of the
first enhanced suberin mutant esb1 (Baxter et al., 2009). Esb1 was
identified in a forward screen for changes in the leaf ion com-
position and described as being reduced in Ca, Mn, and Zn.
Crafting experiments revealed that the root determines the leaf
ionome phenotype. After the gene was identified it turned out to
be expressed in the endodermis pointing to a potential involve-
ment in suberization. The root suberin analysis revealed that all
suberin monomers are more or less equally increased, resulting in
a twofold total suberin content in esb1 roots.

PHYSIOLOGICAL APPROACHES INVESTIGATING THE ROLE
OF SUBERIN IN ARABIDOPSIS
In the last 4 years an array of mutants originated to start
looking into the physiological consequences of quantitative
(cyp86a1/horst, esb1) and/or qualitative (gpat5, cyp86b1/ralph,
kcs2/daisy, kcs20, far1, far4, far5, asft/hht ) suberin modifica-
tions (Ranathunge et al., 2011). More or less specific eval-
uations of the permeability of plant environment interfaces
included “whole plant assays” of the fitness during the culture
period. In our hands the chemically moderate suberin mutants
kcs2/daisy and cyp86b1/ralph, as well as the severely suberin-
reduced cyp86a1/horst mutant, showed no obvious growth or
developmental phenotypes under the “optimized” growth cham-
ber conditions as well as under salt stress. This could indicate that
compositionally modified suberin (kcs2/daisy, cyp86b1/ralph) and
small amounts of suberin (cyp86a1/horst ) are sufficient to pro-
vide wild-type-like functional properties. However it cannot be
excluded that physiological adaptations modifying the water and
solute balance during the long term soil culturing have compen-
sated for potential barrier changes by “disorganized” root suberin.
In this context is worth mentioning that gpat5 seedlings with also
moderate changes in very-long-chain suberin monomers are more
sensitive toward high salt conditions when grown on agar plates
(Beisson et al., 2007). Furthermore, germination rate and seedling
establishment under high salt conditions is decreased in the two
seed suberin affected mutants gpat5 and asft/hht, indicating that
the ion permeability of the seed coat and primary root is affected
(Beisson et al., 2007; Gou et al., 2009). This was confirmed in a

more direct assay showing a significantly increased diffusion of a
tetrazolium dye into the seeds of gpat5 and asft/hht. Although this
indicates a reduced diffusion resistance of the seed surface a quan-
titative assessment of permeability across suberized tissue was not
possible using above assay.

Effects on the permeability of water and solutes across roots
were investigated in a quantitative manner using decaptured whole
root systems, positively and negatively pressurized in the root
pressure probe (Ranathunge and Schreiber, 2011). A significantly
faster pressure equalization – indicative for whole root perme-
ability – after application of hydrostatic and osmotic pressures
to pressure-probe-connected roots was determined in the 60%
suberin-reduced cyp86a1/horst mutant. In contrast to previously
determined negative correlations between the suberin content and
root permeability, only very minor effects on water and solute per-
meability were observed in esb1 roots using the pressure probe.
This indicates that additional suberization does not necessarily
result in a strongly increased resistance to the effected water and
solute flows. Probably other factors than suberin amount con-
tribute to the lower limit for permeability across the whole root
under the applied pressure conditions. Suberin polymer ultra-
structure and submicroscopical root anatomical features (e.g.,
cell wall pores) could be considered as such factors for further
investigations.

Whole plant stress experiments revealed a pronounced drought
tolerance for the esb1 mutant (Figure 3). Whether this is a direct
consequence of the increased suberin content limiting the back-
flow of water from the plant to the dry rhizosphere or an indirect
effect of physiological adaptations improving the water-use effi-
ciency due to enhanced suberin barriers needs to be investigated.
Nevertheless the esb1 characterization provided the first genetic
evidence for the role of suberin in water balance and translocation
of ions to the shoot (Baxter et al., 2009). This is further supported
by the recently identified mutant in sphingolipid metabolism
showing suberin phenotypes accompanied by changes in the leaf
ionome (Chao et al., 2011).

FIGURE 3 | Drought tolerance in the enhanced suberin 1 (esb1)
mutant. Arabidopsis wild-type plants and two allelic esb1 mutants were
cultured in soil for 3 weeks with regular irrigation. Subsequently watering
was discontinued. Plants were recorded 11 days after water withdrawal. A
wild-type without water withdrawal served as a control (Upper left).
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CHALLENGES AND PERSPECTIVES
Although suberin biosynthetic pathways have been suggested for
decades, only the very recent reverse genetics approaches in Ara-
bidopsis allowed the definite identification of genes encoding
various enzymatic activities in suberin formation. As outlined
above, many key players in the biosynthesis of suberin monomers
have been identified in the past 4 years. The sequential order of
reactions is currently under investigation and discussion (Pollard
et al., 2008). Future challenges include the elucidation of subse-
quent steps in apoplastic suberin formation such as export and
assembly of precursors. The list of candidates in recent models
include ABC-transporters, lipid transfer proteins, lipases, and oxi-
dases (Li-Beisson et al., 2010). From a structural point of view
it will be challenging to determine the intramolecular linkages.
This and the discovery of intermolecular linkages could provide
hints of whether suberin macromolecular structure affects barrier
properties and whether suberin is immobilized in the cell wall by
“molecular entanglement” or distinct covalent linkages to other
structural cell wall polymers. Very recently the first gene required
for aromatic suberin components, ASFT/HHT, has been identified
(Gou et al., 2009; Molina et al., 2009). Although ASFT/HHT has
only been investigated for the contribution to the suberin poly-
ester domain, the recent success in molecular genetic approaches
let us expect the identification of more players in aromatic suberin
biosynthesis possibly including genes required for polyphenolic
cell wall components. This will allow us to verify and, if present,
investigate in Arabidopsis the composition, structure, linkages, and
importance of a polyaromatic domain often associated with the
aliphatic polyester domain and previously mostly studied in the
much slower developing potato.

The increased water and solute permeability in cyp86a1/horst
roots and the linkage between root suberin and leaf ionome also
points to the requirement of a higher spatial resolution in the local-
ization of the suberin containing root modifications providing the
ion selectivity in the roots. As mentioned above CB provide a
resistance to the apoplastic path of water and dissolved molecules
across the root. This can be visualized by soluble dyes or fluo-
rescing molecules such as propidium iodide. Propidium iodide
movement into the vascular system is blocked at the position of
CB (Alassimone et al., 2010). The compounds in the CB that are

responsible for this barrier properties are a matter of debate. In
corn, suberin represents a reasonable candidate as CB in the pri-
mary stage endodermis react positive in the histochemical suberin
staining using Sudan Red (Schreiber et al., 1999). In Clivia miniata
where it is possible to mechanically isolate CB it could be shown
that they contain substantial amounts of lignin-like phenolics and
rather small amounts of aliphatic suberin. Unfortunately in both
species it is not reasonable to target CB formation by molecular
tools. Instead, progress can be expected using Arabidopsis since
very recently the first gene involved in CB formation has been
identified in this model plant (Roppolo et al., 2011). This has been
possible by extended analysis of tissue-specific transcriptomic data
in combination with genome wide analysis of intracellular tar-
geting sequences, tools which are best available for Arabidopsis.
Upcoming CB mutants and the molecular dissection of CB forma-
tion will help to understand the chemical composition of CB and
will provide the opportunity to further look into the physiological
importance of CB in water relation and ion permeability.

The esb1 drought and ion phenotypes demonstrates the poten-
tial of modifying plant nutrition and improving stress tolerance
by modifying the degree of suberization also in agronomical
important species. The transfer of knowledge to crop plants has
successfully been demonstrated in potato. The recently identi-
fied potato genes CYP86A33, StKCS6, and FHT are the orthologs
of previously characterized Arabidopsis genes. Silencing of these
potato genes resulted in chemical modifications of tuber perid-
erm suberin, accompanied by changes in the peridermal water
permeability (Serra et al., 2009a,b, 2010). The potential for sim-
ilar translational research has greatly increased in the past since
genomes for rice, potato, and other crops species are available and
advanced sequencing techniques initiated systematic genome and
transcriptome analyses in a variety of species including cork oak
(Paiva et al., 2011). The recent and future pioneering findings in
Arabidopsis will continuously pave the road for successful suberin
research in such species.
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Understanding the regulated inter- and intra-cellular metal circulation is one of the chal-
lenges in the field of metal homeostasis. Inside organisms metal ions are bound to organic
ligands to prevent their uncontrolled reactivity and to increase their solubility. Nicotianamine
(NA) is one of the important ligands. This non-proteinogenic amino acid is synthesized by
nicotianamine synthase (NAS). NA is involved in mobilization, uptake, transport, storage,
and detoxification of metals. Much of the progress in understanding NA function has been
achieved by studying mutants with altered nicotianamine levels. Mild and strong Arabidop-
sis mutants impaired in nicotianamine synthesis have been identified and characterized,
namely nas4x-1 and nas4x-2. Arabidopsis thaliana has four NAS genes. In this review, we
summarize the structure and evolution of the NAS genes in the Arabidopsis genome. We
summarize previous results and present novel evidence that the four NAS genes have
partially overlapping functions when plants are exposed to Fe deficiency and nickel supply.
We compare the phenotypes of nas4x-1 and nas4x-2 and summarize the functions of NAS
genes and NA as deduced from the studies of mutant phenotypes.

Keywords: nicotianamine, metal binding, chelation, gene family, multiple mutant

INTRODUCTION
Iron (Fe) and copper (Cu) are essential elements for all living
organisms because of their unique property of being able to cat-
alyze oxidation/reduction reactions. Conversely, an excess of Fe,
especially Fe2+, is detrimental since it catalyzes the production
of reactive oxygen species (ROS) in the Fenton reaction (Fenton,
1894; Hell and Stephan, 2003). For this reason, free metal ions are
not likely to exist in large amounts in cells. Indeed, Fe and other
metals are mainly present in stable complexes with organic ligands
or inorganic phosphates (Haydon and Cobbett, 2007).

Nicotianamine (NA) is one of the most investigated metal
chelator molecules in plants. NA is a non-proteinogenic amino
acid and it results from the enzymatic condensation of three
S-adenosyl methionine molecules (SAM) catalyzed by nico-
tianamine synthase (NAS; Herbik et al., 1999; Ling et al., 1999;
Takahashi et al., 1999). NA is able to form stable complexes with
Mn2+, Fe2+, Co2+, Zn2+, Ni2+, and Cu2+ (Benes et al., 1983;
Anderegg and Ripperger, 1989). Moreover, NA has a high capacity
to chelate Fe3+ (von Wiren et al., 1999; Weber et al., 2006; Rellan-
Alvarez et al., 2008). For all the metals considered, the stability of
the NA–metal complexes had its maximum at pH values above 6.5,
suggesting that NA is more likely a symplastic chelator of metals
and therefore would bind metals predominately within cells and
the phloem (von Wiren et al., 1999). Cu2+ is an exception among
the essential metals, since the Cu2+–NA complex is very stable
in mild acidic conditions, which is a strong argument in favor of

Abbreviations: NA, nicotianamine; NAS, nicotianamine synthase.

the possible occurrence of Cu2+–NA complexes in the apoplastic
environment as prevailing in the xylem sap (von Wiren et al.,
1999). Nicotianamine can be transported to the various organs
and tissues via oligopeptide transporters, such as yellowstripe1-
like (YSL) proteins (Curie et al., 2001, 2009). Rice ENA1 and ENA2
transporters were just recently described to mediate NA export
from cells (Nozoye et al., 2011).

Studies of solanaceous and graminaceous plants as well as of
hyperaccumulators showed that NA functions in long-distance
transport of Cu (Pich and Scholz, 1996), short-distance and intra-
cellular transport of Fe (Becker et al., 1995; Curie and Briat,
2003), plant reproduction (Takahashi et al., 2006), detoxifica-
tion of heavy metals like Ni (Douchkov et al., 2005; Kim et al.,
2005; Pianelli et al., 2005; Mari et al., 2006; Ouerdane et al., 2006;
van de Mortel et al., 2006; Callahan et al., 2007) and Zn (Becher
et al., 2004; Weber et al., 2004; Talke et al., 2006; van de Mor-
tel et al., 2006), and in grasses as a precursor in the biosynthesis
of phytosiderophores (Mori and Nishizawa, 1987). Several stud-
ies suggested that NA could be involved in iron mobilization and
accumulation in plant roots and seeds (Douchkov et al., 2001,
2005; Cheng et al., 2007; Lee et al., 2009). NA is beneficial for
increased bioavailability of Fe in foods (Maurer et al., 2010; Zheng
et al., 2010).

Taken together, NA is a key compound of metal homeostasis
in plants contributing to mobilization, uptake, transport, stor-
age, and detoxification of metals. Since NA was found to be
an important biofortification factor for essential nutrients like
Fe and Zn in edible portions of crop plants (Zheng et al.,
2010), further knowledge about the functions of NA and the
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characterization of the essential genes for its production are of
high relevance.

NAS GENE FAMILY OF A. THALIANA
The Arabidopsis system provides all tools that allow combining
genetic studies with physiological analyzes and global gene expres-
sion experiments. This species was therefore utilized to investigate
NA function. While not all plant species have multiple NAS genes,
the Arabidopsis genome harbors a NAS gene family comprising
four members (Bauer et al., 2004). NAS1 and NAS2 are located on
chromosome V, while NAS3 and NAS4 are located on chromosome
I (Figure 1A). Multiple alignment (CLUSTALW) showed a close
relation between NAS genes located on the same chromosome

with more than 80% identity while alignment of genes belonging
to separate chromosomes showed an identity of about 70% (Bauer
et al., 2004). Gene mapping between Solanum esculentum and A.
thaliana suggested that the four Arabidopsis genes, as well as the
single tomato NAS gene originated from a common ancestor NAS
gene. This finding is in agreement with a first genome duplica-
tion event in the evolution of Arabidopsis, followed later by two
independent duplication events (Bauer et al., 2004).

T-DNA insertion lines of all four NAS genes were identified
and crossed to each other (Figure 1B; primer sequences for geno-
typing are found in Figure 1C). Under regular growth conditions
single, double, and triple mutants did not show any obvious phe-
notypes suggesting functional redundancy (Klatte et al., 2009).

FIGURE 1 | Genomic organization of NAS genes and tools for

analyzing NAS gene function. (A) Scheme representing the five
chromosomes of Arabidopsis, indicating the location of the four NAS
genes and their gene identity numbers (Bauer et al., 2004). (B) Scheme
representing the location of T-DNA insertions, indicating the allele names.

It is shown which alleles are combined in the quadruple mutants nas4x-1
and nas4x-2 (Klatte et al., 2009). (C) Table listing the primers used for
genotyping as described in (Klatte et al., 2009) and the primers used for
gene expression analysis by reverse transcription-qPCR according to
(Klatte and Bauer, 2009).
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Single mutants had similar NA contents as wild type. Triple nas
mutants had NA levels that were reduced to 30–40% of wild type
levels (Klatte et al., 2009). Since NA can be transported short
and long-distance in plants, severe metal homeostasis pheno-
types are not expected in the presence of a functional NAS gene.
Interestingly, however, upon exposure to modestly toxic Ni sup-
ply, nas4-1 had a more chlorotic phenotype than nas3-1, while
nas1-1 and nas2-1 had mild phenotypes like the wild type (Klatte
et al., 2009). With increasing number of NAS knockout alleles,
the NA contents decreased in the mutants while the severity of
the leaf chlorosis was enhanced (Klatte et al., 2009). This sug-
gests that NA contents correlate with Ni tolerance. Here, we show
the seedling growth responses of single and multiple mutants in
response to Fe deficiency. We found that all single nas mutants
tested had a stronger leaf chlorosis than wild type plants upon
Fe deficiency (Figure 2A). nas4-1 Mutants had the strongest leaf
chlorosis among the tested single mutants (Figure 2A). It can
therefore be concluded that the NAS gene functions are partially
non-overlapping. Perhaps the location of NA production is impor-
tant. Alternatively, the NAS isoforms might have different enzyme
activities, perhaps under specific conditions like Fe deficiency and
Ni supply.

Partial non-redundancy is further confirmed by the fact that the
NAS genes are differentially regulated in plants (Bauer et al., 2004;
Klatte et al., 2009; summarized in Figure 2B; primers for gene
expression analysis in Figure 1C). NAS1, NAS2, and NAS4 were
found expressed in roots, where they were induced by Ni supply.
NAS2 was also up-regulated by Fe deficiency. NAS1 and NAS4 were
expressed in leaves, and NAS4 could be induced by Fe deficiency

and Ni in leaves. NAS2 was not expressed in leaves. On the other
hand, NAS3 was expressed in leaves where it was repressed by Fe
deficiency but strongly induced by Ni supply. In flowers, NAS3 was
expressed in sepals and petals while NAS1, NAS2, and NAS4 were
not expressed (Schuler et al., in preparation).

Taken together, NAS genes evolved as a gene family in Arabidop-
sis where they acquired overlapping and specific functions in metal
homeostasis as well as differential gene regulation in response to
metals. NAS3 seems important for leaf and flower nicotianamine
production upon Fe supply as well as Ni tolerance, while NAS4 was
more important for Fe deficiency in leaves and perhaps in roots.
NAS2 might be especially relevant for Fe deficiency responses in
roots.

PHYSIOLOGICAL ANALYSIS OF QUADRUPLE NAS MUTANTS
Mutant analysis showed that all four NAS genes are functional,
so that quadruple mutant analysis was needed to study NA func-
tion. The leaf chlorosis phenotypes of quadruple nas mutants were
more severe than those of single mutants. Quadruple nas1-1 nas2-
1 nas3-1 nas4-1 mutants (termed nas4x-1) were found to have a
stronger reduction of NA levels than all triple mutant combina-
tions analyzed, namely to approximately 15% in vegetative leaves
and 30% in seeds compared to wild type (Klatte et al., 2009). While
nas4x-1 plants had a residual NA level in leaves at the vegetative
stage, this was not the case in the reproductive stage in leaves.
Full loss of function nas1-1 nas2-2 nas3-1 nas4-1 mutants (termed
nas4x-2) did not contain any NA (Klatte et al., 2009). The mor-
phological phenotypes of nas4x-1 and nas4x-2 were compared
(summarized in Table 1).

FIGURE 2 | Analysis of multiple nas mutants. (A) Percentage of leaf
chlorosis phenotypes of multiple nas mutants, combining the alleles
nas1-1, nas2-1, nas3-1, and nas4-1, germinated for 2 weeks on
Hoagland agar medium devoid of Fe; the medium is described in
(Jakoby et al., 2004). The colors indicate the percentage of plants with
light green leaves (weak leaf chlorosis, black), light green intercostal

areas (intermediate degree of leaf chlorosis, light gray), yellow
intercostal areas (strong leaf chlorosis, dark gray). The numbers on the
right side indicate the number of seedlings examined; * indicates a
strong phenotype. (B) Table summarizing the gene expression results
from (Bauer et al., 2004; Klatte et al., 2009) and Schuler et al. (in
preparation).
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Table 1 | Comparison of nas4x-1 and nas4x-2.

nas4x-1 nas4x-2* Reference

Genotype nas1-1 nas2-1 nas3-1 nas4-1 nas1-1 nas2-2 nas3-1 nas4-1 Klatte et al. (2009)

Full-length NAS transcripts NAS2 none Klatte et al. (2009)

NA content, versus WT 10% in leaves, vegetative stage; 0% in

leaves, reproductive stage; 40% in seeds

0% in all tested leaves; no seeds produced Klatte et al. (2009)

Interveinal leaf chlorosis Starts during reproductive phase Strong during vegetative and reproductive phase;

more severe in young leaves than in older leaves

Klatte et al. (2009)

Numerous small rosette leaves Yes Yes Klatte et al. (2009)

Flowers Normal Sterile Klatte et al. (2009)

Flowering time and senescence Normal Delayed Klatte et al. (2009)

Global gene expression Categories affected: metal homeostasis,

biotic stress responses, leaf photosystem

and root carbohydrate metabolism

n.a. Schuler et al. (2011)

*A more detailed investigation of nas4x-2 phenotypes will be presented in Schuler et al. (in preparation); n.a. = not analyzed.

nas4x-1 plants appeared nearly normal during the vegetative
stage, unless they were grown under Fe deficiency or Ni supply.
However, nas4x-1 plants showed an interveinal leaf chlorosis upon
transition to the reproductive growth stage, and Fe contents were
increased in leaves at this stage compared to wild type (Klatte
et al., 2009). Mobilization of Fe by nas4x-1 roots was up-regulated
at this stage which accounts for the increased Fe contents (Klatte
et al., 2009). Presumably, intercostal leaf areas with mesophyll cells
did not acquire Fe in sufficient amounts and may have emitted a
long-distance Fe deficiency signal that stimulated root Fe uptake.
nas4x-1 plants are still fertile, yet flowers and seeds were found to
contain less Fe than in the wild type (Klatte et al., 2009). nas4x-1
mutant plants are valuable models to study NA function in late
phases of plant development. These plants also served to perform
a transcriptome analysis of roots and leaves upon Fe supply and
Fe deficiency (Schuler et al., 2011). A comparison with the wild
type transcriptomes confirmed that nas4x-1 was affected in metal
homeostasis since a high number of genes of this category was hit
by differential expression. Besides this category, the mutant was
also affected in biotic stress responses, leaf photosystem organi-
zation, and root carbohydrate metabolism (Schuler et al., 2011).
Significantly more genes of these four biological categories were
affected by differential expression between mutant and wild type
compared to all genes analyzed in the microarray study. A change
of expression of genes from these categories can be explained as
an adaptation response to altered Fe levels.

Nas4x-2, on the other hand, is a severely affected mutant. Leaf
chlorosis started during the vegetative phase (Klatte et al., 2009).

Closer inspection of this mutant showed that NA was involved in
the long-distance transport of Fe to young leaves presumably using
the phloem, while older leaves received Fe from citrate-mediated
transport in the xylem (Schuler et al., in preparation). The leaf
chlorosis was due to Fe accumulation in the vascular system sug-
gesting that NA is involved in lateral transport of Fe from vascular
tissues to mesophyll (Schuler et al., in preparation). Furthermore,
nas4x-2 mutants were affected in pollination (Schuler et al., in
preparation).

CONCLUDING REMARKS
Arabidopsis served as a model for the study of nicotianamine func-
tion in plants. The split of a NAS locus to four NAS genes in
Arabidopsis resulted in a partial non-redundant specialization of
NAS gene functions. These are conferred at least partly by differen-
tial gene expression of the NAS genes in response to developmental
cues, tissue specificity, and metals. It has not been investigated yet
whether the enzyme activities of the NAS isoforms are differen-
tially regulated by metal supply. Using the mild and severe nas4x-1
and nas4x-2 mutants novel nicotianamine functions were uncov-
ered, such as seed Fe loading, long-distance Fe transport to leaves,
short-distance transport from vascular tissues to mesophyll, and
in pollination.
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Peroxisomes are small subcellular organelles mediating a multitude of processes in plants.
Proteomics studies over the last several years have yielded much needed information
on the composition of plant peroxisomes. In this review, the status of peroxisome pro-
teomics studies in Arabidopsis and other plant species and the cumulative advances made
through these studies are summarized. A reference Arabidopsis peroxisome proteome
is generated, and some unique aspects of Arabidopsis peroxisomes that were uncov-
ered through proteomics studies and hint at unanticipated peroxisomal functions are also
highlighted. Knowledge gained from Arabidopsis was utilized to compile a tentative list
of peroxisome proteins for the model monocot plant, rice. Differences in the peroxiso-
mal proteome between these two model plants were drawn, and novel facets in rice
were expounded upon. Finally, we discuss about the current limitations of experimental
proteomics in decoding the complete and dynamic makeup of peroxisomes, and comple-
mentary and integrated approaches that would be beneficial to defining the peroxisomal
metabolic and regulatory roadmaps. The synteny of genomes in the grass family makes
rice an ideal model to study peroxisomes in cereal crops, in which these organelles have
received much less attention, with the ultimate goal to improve crop yield.

Keywords: peroxisome, proteomics, Arabidopsis, rice

INTRODUCTION
Eukaryotic cells compartmentalize specific biochemical reactions
in membrane-bound subcellular organelles. Peroxisomes are small
and dynamic single membrane-delimited organelles found in
nearly all eukaryotic cells and perform a wide array of functions,
which differ in different organisms and even vary depending on
the tissue type and prevailing environmental conditions. Although
peroxisomes in different organisms exhibit significant functional
heterogeneities, two peroxisomal functions, i.e., β-oxidation of
fatty acids and hydrogen peroxide (H2O2) catabolism, are univer-
sal. Strong defects in peroxisome biogenesis or core peroxisome
metabolic functions lead to fatal disorders in humans and embry-
onic lethality in plants (Schrader and Fahimi, 2008; Kaur et al.,
2009).

In the absence of a genome, the entire peroxisome protein
complement is comprised of proteins that are nuclear encoded
and translated on cytosolic ribosomes prior to import into the
organelle. Further, peroxisomes are distinguished from other
organelles by their ability to import fully folded proteins into the
organelle matrix. The presence of conserved peroxisome target-
ing signals (PTSs) in the peroxisome matrix proteins facilitates
their recognition by cytosolic receptors. These PTSs comprise of
two types: the C-terminal tripeptide PTS1 (SKL and derivatives
thereof), and the N-terminal nonapeptide PTS2 (RLX5HL and
derivatives) that is cleaved post-import in mammals and plants.
Once bound by the cytosolic receptors, the PTS-containing pro-
teins are transported to the peroxisome membrane and delivered
into the matrix, aided by several peroxisome membrane-associated

proteins that form the docking complex and the importomer
(Rucktaschel et al., 2011).

Peroxisomes serve as essential“nodes”in a number of metabolic
networks within the cell through physical and metabolic links with
other cellular compartments such as mitochondria, chloroplasts,
and oil bodies. Besides their roles in β-oxidation of fatty acids
and degradation of H2O2, plant peroxisomes also mediate path-
ways such as photorespiration, jasmonic acid biosynthesis, indole
3-butyric acid (IBA) metabolism, glyoxylate cycle, purine degrada-
tion, and further contribute toward pathogen defense and essential
developmental processes such as embryogenesis and photomor-
phogenesis (Hayashi and Nishimura, 2003; Baker et al., 2006;
Reumann and Weber, 2006; Kaur et al., 2009; Palma et al., 2009).
The major protein constituents of plant peroxisomes had been
well characterized, yet the complete makeup of these organelles
was far from being decoded. Understanding the metabolic and
regulatory networks in these vital organelles in model plant sys-
tems, and furthermore, crop species, will be highly beneficial to
modern agriculture.

PEROXISOME PROTEOMICS STUDIES IN PLANTS
Innovations in protein identification techniques coupled with
high sensitivity instrumentation facilities have fueled the increased
use of mass spectrometry-based proteomics to map subcellular
(organelle) proteomes (Yates et al., 2005; Au et al., 2007; Yan et al.,
2009; Wiederhold et al., 2010). Likewise, peroxisome proteomics
have also been undertaken by various groups in diverse organ-
isms encompassing yeasts, mammals, plants, and trypanosomes
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(Colasante et al., 2006; Saleem et al., 2006). Given its completely
sequenced and annotated genome and a wide suite of readily avail-
able molecular genetic resources, Arabidopsis was naturally the
top choice for this approach to decipher the plant peroxisome
proteome. However, early peroxisome proteome analysis in Ara-
bidopsis was hindered by the lack of good peroxisome purification
protocols. A combination of factors, such as the fragility of peroxi-
somes, elevated secondary metabolite levels in Arabidopsis, adher-
ence of peroxisomes to mitochondria and chloroplasts, and the low
peroxisome number in leaf mesophyll cells, made high purity iso-
lation of Arabidopsis peroxisomes a challenging task. Thus, initial
proteomic studies of Arabidopsis peroxisomes from greening and
etiolated cotyledons only identified a small number of known and
putative novel peroxisomal proteins (Fukao et al., 2002, 2003). The
development of an isolation protocol for Arabidopsis leaf peroxi-
somes, which uses a two successive density gradient centrifugation
method, resulted in the successful identification of 36 known per-
oxisome proteins and dozens of candidate novel proteins, some of
which were later confirmed to be peroxisome localized (Reumann
et al., 2007). A parallel large scale experiment, which used den-
sity centrifugation followed by free-flow electrophoresis, purified
peroxisomes from Arabidopsis suspension cultured cells and dis-
covered over 20 possible novel peroxisomal proteins by mass
spectrometry (Eubel et al., 2008). Apart from Arabidopsis, soy-
bean (Glycine max), and spinach (Spinacia oleracea) peroxisomes
were also subjected to proteome analysis. About 30 peroxisomal
proteins were identified from purified peroxisomes from etio-
lated cotyledons of soybean, among them is an adenine nucleotide
transporter (Arai et al., 2008a,b). A few new peroxisomal proteins,
including two enzymes in phylloquinone (vitamin K1) biosyn-
thesis, were discovered by spinach leaf peroxisome proteomics
(Babujee et al., 2010).

The NSF-funded Arabidopsis peroxisome 2010 project was
initiated in late 2006 and is near its completion. The major
goal for this project was to discover novel peroxisomal compo-
nents and reveal new peroxisomal functions in Arabidopsis. Using
one-dimensional gel electrophoresis (1-DE) followed by liquid
chromatography and tandem mass spectrometry (LC-MS/MS),
in-depth proteome analysis of three Arabidopsis peroxisomal sub-
types, i.e., those from green leaves, etiolated germinating seedlings,
and senescent leaves, respectively, was performed. Using fluores-
cence microscopy, the subcellular localization of over 100 putative
novel peroxisomal proteins identified from proteomics and in silico
PTS searches of the Arabidopsis genome was tested, and peroxi-
somal targeting for about 50 of them was confirmed (Reumann
et al., 2009; Quan et al., unpublished). From leaves of 4-week-old
plants, 85 known peroxisomal proteins were detected, and another
14 novel proteins were assigned to peroxisomes after subcellular
targeting validations (Reumann et al., 2009; Quan et al., 2010).
From peroxisomes of etiolated seedlings, another 15 novel per-
oxisomal proteins were discovered by proteomics combined with
subcellular targeting assays (Quan et al., unpublished).

The recent proteomic studies followed by subcellular targeting
verifications significantly expanded the list of bona-fide plant per-
oxisome proteins. Using data from published studies of plant per-
oxisomes, including the proteome analyses mentioned above, we
have compiled a reference proteome for Arabidopsis peroxisomes

(Table 1). For proteins identified by mass spectrometry-based
experiments, we only included those that carry obvious PTS,
unless they were later confirmed to be peroxisomal by a sec-
ond approach, e.g., fluorescent protein subcellular targeting assay
or genetic analysis. This list of Arabidopsis peroxisomal proteins
currently stands at 163, which can be divided into the follow-
ing categories: 117 PTS-containing matrix proteins, 38 membrane
proteins, and eight proteins lacking recognizable PTS informa-
tion. The 98 PTS1-containing proteins carry 23 diverse PTS1s, and
the 19 PTS2-containing proteins harbor seven different PTS2s.
Six proteins in the PTS2-containing protein category also bear
C-terminal PTS1 or PTS1-like sequences.

SOME NOVEL ASPECTS OF PLANT PEROXISOMES REVEALED
BY EXPERIMENTAL PROTEOMICS
Results from mass spectrometry-based proteomics studies in
plants suggested novel metabolic and regulatory functions of per-
oxisomes in processes such as auxiliary β-oxidation, detoxification,
nucleic acid metabolism, protein degradation, plant defense, and
other metabolic processes (Kaur et al., 2009; Reumann, 2011). Sev-
eral examples that represent plant-specific features of peroxisomes
are described here. More examples can be found in a recent review
(Reumann, 2011).

HISTIDINE TRIAD FAMILY
Histidine Triad (HIT) proteins belong to an evolutionarily con-
served superfamily of nucleotide binding proteins whose defin-
ing feature is the H-ϕ-H-ϕ-H-ϕ-ϕ motif, where ϕ represents a
hydrophobic amino acid. HIT proteins act as hydrolases or trans-
ferases on a multitude of nucleotide conjugate substrates (Brenner,
2002). The consequences of loss of HIT activity have various
effects, from tumor formation in mammals, high temperature
sensitive growth on galactose in yeast, to a reduction of bacter-
ial growth in the presence of d-alanine (Bieganowski et al., 2002;
Bardaweel et al., 2011; Martin et al., 2011), yet the exact roles for
HIT proteins in these processes remain unclear. Animal HIT pro-
teins have been reported to be cytosolic, nuclear, or mitochondrial
(Huber and Weiske, 2008), and none was shown to be associated
with peroxisomes. In contrast, three out of the five Arabidopsis
HIT proteins (HIT1, 2, and 3) were detected in proteomics exper-
iments (Reumann et al., 2007, 2009; Eubel et al., 2008) and later
confirmed to be localized in peroxisomes (Reumann et al., 2009).
HIT2 carries a characteristic PTS2, and the PTS1-like sequence
on HIT1 (SKV>) and PTS2-like sequence on HIT3 (RVx5HF)
were later confirmed to be functional PTSs (Reumann et al., 2009;
Quan et al., 2010). The occurrence of these proteins in peroxisomes
appears to be a plant-specific phenomenon, as the Arabidopsis HIT
PTSs are also conserved in their homologs in other plant species
such as rice (Table 1). A recent in vitro study showed that most of
the Arabidopsis HIT proteins can function as sulfohydrolases by
catalyzing the conversion of adenosine 5′-phosphosulfate (APS) to
AMP and sulfate (SO2−

4 ; Guranowski et al., 2010). This study also
showed that, in the presence of orthophosphate (Pi), HIT1/Hint4
exhibited APS phosphorylase activity as well, resulting in the for-
mation of ADP. Moreover, this activity was determined to be pH
dependent, with HIT1 exclusively (and more efficiently) catalyzing
this reaction at acidic pHs. Considering their enzymatic activity,
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Table 1 | Peroxisomal proteins in Arabidopsis and rice.

Gene

name

At locus Annotation At PTS Os locus Os PTS Reference

PTS-CONTAINING MATRIX PROTEINS

ACH2 At1g01710 Acyl-CoA thioesterase SKL LOC_Os04g47120 PKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Tilton et al. (2000, 2004)

sT4 At1g04290 Thioesterase family

protein

SNL LOC_Os01g65950 SKL Eubel et al. (2008), Reumann et al. (2007, 2009)

KAT1 At1g04710 3-Ketoacyl-CoA

thiolase 1

RQx5HL LOC_Os02g57260 RQx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Germain et al. (2001)LOC_Os10g31950 RQx5HL

ACX3 At1g06290 Acyl-CoA oxidase 3 RAx5HI/SSV LOC_Os06g24704 RAx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Adham et al. (2005), Eastmond et al. (2000b), Fro-

man et al. (2000), Rylott et al. (2003), Zolman et al.

(2000)

ACX6 At1g06310 Acyl-CoA oxidase 6 RAx5HI/SSL LOC_Os11g39220 RLx5HL Adham et al. (2005)

ACD31.2 At1g06460 Small heat shock

protein

RLx5HF/PKL no match Ma et al. (2006)

NDA1 At1g07180 NADPH

dehydrogenase A1

SRI LOC_Os01g61410 SRI Carrie et al. (2008)

UP6 At1g16730 Unknown protein 6 SKL LOC_Os06g06630 CRL Reumann et al. (2009), Quan et al. (2010)

4Cl3 At1g20480 4-Coumarate:CoA

ligase 3

SKL LOC_Os03g04000 SKL Eubel et al. (2008), Shockey et al. (2003)

OPCL1 At1g20510 OPC-8:0 ligase 1 SKL LOC_Os03g04000* SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Kienow et al. (2008), Koo et al. (2006)

AAE1 At1g20560 Acyl-activating

enzyme 1

SKL LOC_Os03g04130 SKL Eubel et al. (2008), Reumann et al. (2009),

Shockey et al. (2003)LOC_Os03g04120 SKL

LOC_Os02g02700 SKL

LOC_Os01g24030 SKL

CAT3 At1g20620 Catalase 3 QKL-10 LOC_Os03g03910 QKL-10 Eubel et al. (2008), Reumann et al. (2007, 2009),

Du et al. (2008), Frederick and Newcomb (1969),

Frugoli et al. (1996), Fukao et al. (2002, 2003),

Zimmermann et al. (2006)

LOC_Os06g51150 QKL-10

LOC_Os02g02400 VKI-10

CAT1 At1g20630 Catalase 1 QKL-10 LOC_Os03g03910* QKL-10 Eubel et al. (2008), Reumann et al. (2007, 2009),

Du et al. (2008), Frederick and Newcomb (1969),

Frugoli et al. (1996), Zimmermann et al. (2006)

ATF1 At1g21770 Acetyl transferase 1 SSI LOC_Os04g35200 SSM Reumann et al. (2007, 2009)

GGT1 At1g23310 Glutamate-glyoxylate

aminotransferase 1

SKM LOC_Os07g01760 SRM Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2002), Igarashi et al. (2003), Liepman

and Olsen (2003)

DEG15 At1g28320 Deg/HtrA protease SKL LOC_Os05g41810 SKI Eubel et al. (2008), Helm et al. (2007), Schuh-

mann et al. (2008)

AAE14 At1g30520 Acyl-activating

enzyme 14

SSL LOC_Os08g03630 none Babujee et al. (2010)

st1 At1g48320 Small thioesterase 1 AKL LOC_Os03g48480 SKL Reumann et al. (2009)

LOC_Os05g04660 AKL

pxPfkB At1g49350 PfkB-type

carbohydrate kinase

family protein

SML LOC_Os05g09370 RMx5HL Eubel et al. (2008), Lingner et al. (2011)

NQR At1g49670 NADH:quinone

reductase

SRL LOC_Os09g28570 AKL Eubel et al. (2008), Reumann et al. (2007, 2009)

IndA At1g50510 Indigoidine synthase A RIx5HL LOC_Os08g39420 SAL Eubel et al. (2008), Reumann et al. (2009)

ICDH At1g54340 NADP-dependent

isocitrate

dehydrogenase

SRL LOC_Os01g14580 SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2003)

(Continued)
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Table 1 | Continued

Gene

name

At locus Annotation At PTS Os locus Os PTS Reference

AAE18 At1g55320 Acyl-activating

enzyme 18

SRI LOC_Os03g59080 SKL Shockey et al. (2003), Wiszniewski et al. (2009)

NS At1g60550 Naphthoate synthase RLx5HL LOC_Os01g47350 RLx5HL Reumann et al. (2007)

LOC_Os02g43720 RAx5HL

ECI At1g65520 Monofunctional enoyl

CoA

hydratase/isomerase c

SKL LOC_Os05g45300* SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Goepfert et al. (2008)

PAO4 At1g65840 Polyamine oxidase 4 SRM LOC_Os04g57550 CRT∧ Eubel et al. (2008), Kamada-Nobusada et al.

(2008), Ono et al. (2011)LOC_Os04g57560 SRL

AAE12 At1g65890 Acyl-activating

enzyme 12

SRL LOC_Os09g38350 ARL Shockey et al. (2003), Wiszniewski et al. (2009)
LOC_Os03g03790 SRL

LOC_Os04g57850 SKM

HPR At1g68010 Hydroxypyruvate

reductase 1

SKL LOC_Os02g01150 SKL Eubel et al. (2008), Reumann et al. (2007,

2009), Fukao et al. (2002), Mano et al. (1997),

Pracharoenwattana et al. (2010)

GGT2 At1g70580 Glutamate-glyoxylate

aminotransferase 2

SRM LOC_Os07g01760* SRM Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2002), Igarashi et al. (2003), Liepman

and Olsen (2003)

ECH2 At1g76150 Monofunctional

enoyl-CoA hydratase 2

SSL LOC_Os09g37280 SSL Eubel et al. (2008), Reumann et al. (2007, 2009),

Goepfert et al. (2006), Strader et al. (2011)

ATF2 At1g77540 Acetyltransferase SSI LOC_Os04g35200* SSM Reumann et al. (2009)

NADK3 At1g78590 NADH Kinase 3 SRY LOC_Os09g17680 none Waller et al. (2010)

OPR3 At2g06050 12-Oxophytodienoate

reductase 3

SRL LOC_Os08g35740 SRM Eubel et al. (2008), Reumann et al. (2007, 2009),

Sanders et al. (2000), Schaller et al. (2000), Stintzi

and Browse (2000)LOC_Os02g35310 SPL

SGAT1 At2g13360 Serine-glyoxylate

aminotransferase

SRI LOC_Os08g39300 SRI Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2002), Liepman and Olsen (2003)

MDH1 At2g22780 NAD+-malate

dehydrogenase 1

RIx5HL LOC_Os12g43630 RMx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2002, 2003), Cousins et al. (2008),

Pracharoenwattana et al. (2007)LOC_Os03g56280 RIx5HL

Uri At2g26230 Uricase SKL LOC_Os01g64520 SKL Eubel et al. (2008), Reumann et al. (2007, 2009)

st5 At2g29590 Small thioesterase 5 SKL LOC_Os02g32200 SKL Reumann et al. (2009)

LOC_Os04g35590 SKL

LOC_Os01g12910 SKL

NDA2 At2g29990 NADPH

dehydrogenase A2

SRI LOC_Os01g61410 SRI Carrie et al. (2008)

CHYH1 At2g30650 ATP-dependent

caseinolytic Clp

protease/crotonase

family protein

AKL LOC_Os12g16350 PKL Lingner et al. (2011)

LOC_Os10g42210 PKL

CHYH2 At2g30660 ATP-dependent

caseinolytic Clp

protease/crotonase

family protein

AKL LOC_Os12g16350* PKL Lingner et al. (2011)

LOC_Os10g42210* PKL

UP3 At2g31670 Unknown protein SSL LOC_Os07g41810 ANL Reumann et al. (2007, 2009)

LOC_Os07g41820 ANL

KAT2 At2g33150 3-Ketoacyl-CoA

thiolase 2

RQx5HL LOC_Os02g57260* RQx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Germain et al. (2001), Zolman et al. (2000), Fukao

et al. (2003), Afitlhile et al. (2005), Castillo et al.

(2004), Footitt et al. (2007a), Hayashi et al. (1998),

Pye et al. (2010)LOC_Os10g31950* RQx5HL

(Continued)
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Table 1 | Continued

Gene

name

At locus Annotation At PTS Os locus Os PTS Reference

ACX5 At2g35690 Acyl-CoA oxidase 5 AKL LOC_Os06g01390 SRL Schilmiller et al. (2007)

GLH At2g38180 GDSL motif lipase/

hydrolase family

protein

ARL LOC_Os06g36520 AML Eubel et al. (2008)

PM16 At2g41790 Peptidase family M16 PKL LOC_Os07g38260 MKL Eubel et al. (2008), Reumann et al. (2009)

LOC_Os07g38270 MKL

LOC_Os07g38280 MKL

CuAO At2g42490 Copper amine oxidase SKL LOC_Os04g40040 SKL Eubel et al. (2008), Reumann et al. (2009)

CSY3 At2g42790 Citrate synthase 3 RLx5HL/SSV LOC_Os02g13840 RLx5HL/SAL Eubel et al. (2008), Reumann et al. (2007, 2009),

Pracharoenwattana et al. (2005)

PAO2 At2g43020 Polyamine oxidase 2 SRL LOC_Os04g53190 SRL Kamada-Nobusada et al. (2008), Ono et al. (2011)

SO At3g01910 Sulfite oxidase SNL LOC_Os08g41830 SKM Eubel et al. (2008), Reumann et al. (2007, 2009),

Eilers et al. (2001), Lang et al. (2007)LOC_Os12g25630 SLL

SDRc At3g01980 Short-chain dehydro-

genase/reductase c

SYM LOC_Os03g63290 SFM Reumann et al. (2007, 2009), Lingner et al. (2011)

6PGDH At3g02360 Phosphogluconate

dehydrogenase

SKI LOC_Os06g02144 AKM Eubel et al. (2008), Reumann et al. (2007, 2009)

LACS6 At3g05970 Long-chain acyl-CoA

synthetase 6

RIx5HL LOC_Os12g04990 RLx5HL/PKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Fulda et al. (2004)

IBR3 At3g06810 IBA-response 3 SKL LOC_Os07g47820 ARM Eubel et al. (2008), Reumann et al. (2009), Zolman

et al. (2007, 2008)

MFP2 At3g06860 Fatty acid multi-

functional protein 2

SRL LOC_Os01g24680 ARL Eubel et al. (2008), Reumann et al. (2007, 2009),

Arent et al. (2010), Eastmond and Graham (2000),

Richmond and Bleecker (1999), Rylott et al. (2006)

LOC_Os05g06300 ARM

LOC_Os05g29880 SRL

SDRb At3g12800 Short-chain dehydro-

genase/reductase b

SKL LOC_Os04g52400 SKL Eubel et al. (2008), Reumann et al. (2007)

HAOX1 At3g14150 Hydroxy-acid

oxidase 1

SML LOC_Os07g42440 SLL Reumann et al. (2009)
LOC_Os07g05820 SRL

LOC_Os03g57220 PRL

LOC_Os04g53210 SRL

GO1 At3g14415 Glycolate oxidase 1 PRL LOC_Os07g05820* SRL Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2002)

GO2 At3g14420 Glycolate oxidase 2 ARL LOC_Os07g05820* SRL Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2002)

HBCDH At3g15290 Hydroxybutyryl-CoA

dehydrogenase

PRL LOC_Os01g58380 SSL Eubel et al. (2008), Reumann et al. (2007, 2009)

AAE7 At3g16910 Acyl-activating

enzyme 7

SRL LOC_Os03g19240 SRM Eubel et al. (2008), Reumann et al. (2009),

Shockey et al. (2003), Turner et al. (2005a)

LOC_Os03g19250 SRM

GPK1 At3g17420 Glyoxysomal protein

kinase 1

AKI LOC_Os01g21960 SSK Fukao et al. (2003), Ma and Reumann (2008)

SCO3 At3g19570 Snowy Cotyledon 3 SRL LOC_Os03g10820 none Albrecht et al. (2010)

ICL At3g21720 Isocitrate lyase SRM LOC_Os07g34520 SRM Fukao et al. (2003), Eastmond et al. (2000a),

Olsen et al. (1993)

GR1 At3g24170 Glutathione

reductase 1

TNL LOC_Os02g56850 TNL Eubel et al. (2008), Reumann et al. (2007), Kataya

and Reumann (2010)

BADH At3g48170 Aldehyde

dehydrogenase

SKL LOC_Os08g32870 SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Mitsuya et al. (2009)LOC_Os04g39020 SKL

MIF At3g51660 Macrophage migration

inhibitory factor

SKL LOC_Os11g01600 none Reumann et al. (2007), Reumann et al. (2009), Li

et al. (2009)

(Continued)
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Table 1 | Continued

Gene

name

At locus Annotation At PTS Os locus Os PTS Reference

ACX4 At3g51840 Acyl-CoA oxidase 4 SRL LOC_Os01g06600 ARL Eubel et al. (2008), Reumann et al. (2007, 2009),

Rylott et al. (2003), Zolman et al. (2000), Hayashi

et al. (1999)

LOC_Os05g07090 SRL

LOC_Os06g23780 ARL

MDAR1 At3g52880 Monodehydroascorbate

reductase 1

AKI LOC_Os09g39380 SKI Eubel et al. (2008), Reumann et al. (2007, 2009),

Lisenbee et al. (2005)LOC_Os08g44340 AKV

SDR At3g55290 Short-chain dehydro-

genase/reductase

SSL LOC_Os08g39960 SSL Eubel et al. (2008), Reumann et al. (2007, 2009)

ZnDH At3g56460 Zinc-binding

dehydrogenase

SKL LOC_Os05g24880 SRL Eubel et al. (2008), Reumann et al. (2009)

HIT3 At3g56490 Histidine triad family

protein 3

RVx5HF LOC_Os01g59750 RLx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Quan et al. (2010), Guranowski et al. (2010)LOC_Os11g18990 RLx5HL

CP At3g57810 Cysteine protease SKL LOC_Os09g31280 SRL Lingner et al. (2011)

CSY2 At3g58750 Citrate synthase 2 RLx5HL/SAL LOC_Os02g13840* RLx5HL/SAL Eubel et al. (2008), Reumann et al. (2009),

Pracharoenwattana et al. (2005)

PAO3 At3g59050 Polyamine oxidase 3 SRM LOC_Os04g53190* SRL Kamada-Nobusada et al. (2008), Ono et al. (2011),

Moschou et al. (2008)

st3 At3g61200 Small thioesterase 3 SKL LOC_Os07g27960 ASL Eubel et al. (2008), Reumann et al. (2009), Fukao

et al. (2003)

ACH At4g00520 Acyl-CoA thioesterase

family protein

AKL LOC_Os04g47120* PKL Eubel et al. (2008)

EH3 At4g02340 Epoxide hydrolase 3 ASL LOC_Os05g19150 AEM Eubel et al. (2008), Reumann et al. (2007, 2009)

LOC_Os01g15120 SKF

LOC_Os03g61340 SRL

LOC_Os10g35520 RQx4HL

MCD At4g04320 Malonyl-CoA

decarboxylase

SRL LOC_Os09g23070 none Eubel et al. (2008), Reumann et al. (2009), Carrie

et al. (2009)

4CL1 At4g05160 4-Coumarate:CoA

ligase 1

SKM LOC_Os03g05780 SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Kienow et al. (2008), Schneider et al. (2005)LOC_Os10g42800 SRL

LOC_Os07g17970 SRL

IBR1 At4g05530 Indole-3-butyric acid

response 1

SRL LOC_Os09g04730 SRL Eubel et al. (2008), Reumann et al. (2007, 2009),

Wiszniewski et al. (2009), Zolman et al. (2008)

IBR10 At4g14430 Indole-3-butyric acid

response 10

PKL LOC_Os05g45300 SKL Reumann et al. (2007, 2009), Goepfert et al.

(2008), Zolman et al. (2008)

ECHIA At4g16210 Monofunctional

enoyl-CoA

hydratase/isomerase a

SKL LOC_Os03g19680 SKL Eubel et al. (2008), Reumann et al. (2007, 2009)

HIT1 At4g16566 Histidine triad family

protein 1

SKV LOC_Os01g59750* RLx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Guranowski et al. (2010)

ACX1 At4g16760 Acyl-CoA oxidase 1 ARL LOC_Os06g01390* SRL Eubel et al. (2008), Reumann et al. (2009), Adham

et al. (2005), Castillo et al. (2004), Schilmiller et al.

(2007), Hooks et al. (1999), Pinfield-Wells et al.

(2005)

GO3 At4g18360 Glycolate oxidase 3 AKL LOC_Os03g57220* PRL Eubel et al. (2008), Reumann et al. (2007, 2009)

4Cl5 At4g19010 4-Coumarate:CoA

ligase 5

SRL LOC_Os08g04770 SKL Shockey et al. (2003)

NDB1 At4g28220 NADPH

dehydrogenase B1

SRI LOC_Os06g47000 SRI Carrie et al. (2008)
LOC_Os05g26660 SSL

AIM1 At4g29010 Abnormal

inflorescence

meristem 1

SKL LOC_Os02g17390 SRM Eubel et al. (2008), Reumann et al. (2009), Rich-

mond and Bleecker (1999), Delker et al. (2007)

(Continued)
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Gene

name

At locus Annotation At PTS Os locus Os PTS Reference

CAT2 At4g35090 Catalase 2 QKL-10 LOC_Os03g03910* QKL-10 Eubel et al. (2008), Reumann et al. (2007, 2009),

Frederick and Newcomb (1969), Frugoli et al.

(1996), Fukao et al. (2002), Zimmermann et al.

(2006)

AGT2 At4g39660 Alanine: glyoxylate

aminotransferase 2

SRL LOC_Os03g07570 SGL Liepman and Olsen (2003)
LOC_Os03g21960 SKL

LOC_Os05g39770 SKL

MLS At5g03860 Malate synthase SRL LOC_Os04g40990 CKL Fukao et al. (2003), Olsen et al. (1993), Cornah

et al. (2004)

BIOTIN F At5g04620 7-Keto-8-

aminopelargonic acid

synthase

PKL LOC_Os01g53450 SKL Tanabe et al. (2011)

LOC_Os10g41150 SKL

MDH2 At5g09660 NAD+-malate

dehydrogenase 2

RIx5HL LOC_Os12g43630* RMx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Cousins et al. (2008), Pracharoenwattana et al.

(2007)LOC_Os03g56280* RIx5HL

ASP3 At5g11520 Aspartate

aminotransferase

RIx5HL LOC_Os01g55540 RLx5HL Eubel et al. (2008), Reumann et al. (2007, 2009),

Fukao et al. (2002), Mettler and Beevers (1980),

Schultz and Coruzzi (1995)

ELT1 At5g11910 Esterase/lipase/

thioesterase family 1

SRI LOC_Os01g39790 SSA Reumann et al. (2009)
LOC_Os05g46210 PKL

AAE5 At5g16370 Acyl-activating

enzyme 5

SRM LOC_Os04g57850* SKM Eubel et al. (2008), Reumann et al. (2007, 2009),

Shockey et al. (2003)

ATMS1 At5g17920 Cobalamin-

independent

methionine synthase

SAK LOC_Os12g42884 SAK Reumann et al. (2007), Reumann et al. (2009)

CSD3 At5g18100 Copper/zinc

superoxide

dismutase 3

AKL LOC_Os03g11960 SAV Eubel et al. (2008), Reumann et al. (2007, 2009),

Kliebenstein et al. (1998)

NUDT19 At5g20070 Nudix hydrolase

homolog 19

SSL LOC_Os06g04910 SNL Babujee et al. (2010)

AAE17 At5g23050 Acyl-activating

enzyme 17

SKL LOC_Os09g21230 SKI Eubel et al. (2008), Reumann et al. (2009),

Shockey et al. (2003)

MIA40 At5g23395 Mitochondrial inter-

membrane space

assembly

machinery 40

SKL LOC_Os04g44550 PKL Carrie et al. (2010)

6PGL At5g24400 6-Phosphoglu

conolactonase

SKL LOC_Os08g43370 SSI Reumann et al. (2007)

LACS7 At5g27600 Long-chain acyl-CoA

synthetase 7

RLx5HI/SKL LOC_Os11g04980 RLx5HL/SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Fulda et al. (2004)

AtHsp15.7 At5g37670 Heat shock protein

similar to 17.6 kDa

class I

SKL LOC_Os06g14240 SKL Ma et al. (2006)

GSTT1 At5g41210 Glutathione

S-transferase θ

isoform 1

SKI LOC_Os11g37730 SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Dixon et al. (2009)
LOC_Os11g37750 SKL

SCP2 At5g42890 Sterol carrier protein 2 SKL LOC_Os02g52720 SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Edqvist et al. (2004), Zheng et al. (2008)

AtDCI At5g43280 Δ3,5-Δ2,4-Enoyl-CoA-

isomerase

AKL LOC_Os01g70090 SKL Eubel et al. (2008), Reumann et al. (2007, 2009),

Goepfert et al. (2005)

UP5 At5g44250 Unknown protein 5 SRL LOC_Os11g40070 SKL Reumann et al. (2009)

(Continued)
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Table 1 | Continued

Gene

name

At locus Annotation At PTS Os locus Os PTS Reference

LON2 At5g47040 Lon protease

homolog 2

SKL LOC_Os09g36300 SKL Reumann et al. (2009), Lingard and Bartel (2009)

ACAT1.3 At5g47720 Acetoacetyl-CoA

thiolase 1.3

SAL LOC_Os01g02020 SSL Carrie et al. (2007)

HIT2 At5g48545 Histidine triad family

protein 2

RLx5HL LOC_Os11g18990* RLx5HL Reumann et al. (2009), Guranowski et al. (2010)
LOC_Os12g13120 RLx5HL

KAT5 At5g48880 3-Ketoacyl-CoA

thiolase 5

RQx5HL LOC_Os02g57260* RQx5HL Reumann et al. (2007, 2009), Germain et al.

(2001), Castillo et al. (2004)

TLP At5g58220 Transthyretin-like

protein

RLx5HL# LOC_Os03g27320 RMx5HL# Eubel et al. (2008), Reumann et al. (2007, 2009),

Lamberto et al. (2010)

4CL2 At5g63380 4-Coumarate:CoA

ligase 2

SKL LOC_Os01g67540 SRL Reumann et al. (2009), Kienow et al. (2008),

Schneider et al. (2005)

ACX2 At5g65110 Acyl-CoA oxidase 2 RIx5HL LOC_Os11g39220* RIx5HL Eubel et al. (2008), Reumann et al. (2009), Adham

et al. (2005), Hooks et al. (1999)

UP7 At5g65400 Unknown protein 7 SLM LOC_Os04g37710 none Reumann et al. (2009)

CHY1 At5g65940 3-Hydroxyisobutyryl-

CoA hydrolase

AKL LOC_Os12g16350 PKL Eubel et al. (2008), Reumann et al. (2009), Lange

et al. (2004), Zolman et al. (2001a)

Gene

name

At locus Annotation Os locus Reference

PEROXISOME MEMBRANE PROTEINS

PEX11c At1g01820 Peroxin 11 c LOC_Os06g03660 Lingard et al. (2008), Lingard andTrelease (2006), Orth et al. (2007),

Nito et al. (2007)

PEX6 At1g03000 Peroxin 6 LOC_Os04g52690 Delker et al. (2007), Zolman and Bartel (2004)

PEX7 At1g29260 Peroxin 7 LOC_Os02g14790 Hayashi et al. (2005), Ramon and Bartel (2011), Singh et al. (2009),

Woodward and Bartel (2005)

PEX11a At1g47750 Peroxin 11a LOC_Os03g19010 Lingard et al. (2008), Lingard andTrelease (2006), Orth et al. (2007)

LOC_Os03g19000

PEX3B At1g48635 Peroxin 3 isoform B LOC_Os09g14510 Nito et al. (2007), Hunt and Trelease (2004)

PEX2 At1g79810 Peroxin 2 LOC_Os05g19480 Nito et al. (2007), Hu et al. (2002), Prestele et al. (2010), Sparkes

et al. (2005)

DRP3B At2g14120 Dynamin-related protein 3B LOC_Os01g69130 Arimura et al. (2004), Arimura andTsutsumi (2002), Fujimoto et al.

(2009), Zhang and Hu (2009)LOC_Os04g31190

PEX10 At2g26350 Peroxin 10 LOC_Os07g41800 Nito et al. (2007), Prestele et al. (2010), Flynn et al. (2005),

Schumann et al. (2003, 2007), Sparkes et al. (2003)

PEX16 At2g45690 Peroxin 16 LOC_Os02g03070 Nito et al. (2007), Karnik andTrelease (2005, 2007), Lin et al. (1999,

2004)

PEX11d At2g45740 Peroxin 11d LOC_Os03g02590 Lingard et al. (2008), Lingard andTrelease (2006), Orth et al. (2007)

PEX19A At3g03490 Peroxin 19 isoform A LOC_Os02g44220 Nito et al. (2007), Hadden et al. (2006)

PEX12 At3g04460 Peroxin 12 LOC_Os10g32960 Nito et al. (2007), Prestele et al. (2010), Fan et al. (2005), Mano

et al. (2006)

PEX13 At3g07560 Peroxin 13 LOC_Os07g05810 Nito et al. (2007), Mano et al. (2006), Boisson-Dernier et al. (2008)

APEM9 At3g10572 Aberrant peroxisome

morphology 9

LOC_Os06g48970 Goto et al. (2011)

PEX3A At3g18160 Peroxin 3 isoform A LOC_Os09g14510* Nito et al. (2007), Hunt and Trelease (2004)

DRP5B At3g19720 Dynamin-related protein 5B LOC_Os12g07880 Zhang and Hu (2010)

PEX22 At3g21865 Peroxin 22 LOC_Os04g53690 Lingard et al. (2009), Zolman et al. (2005)

LOC_Os04g57680

PEX11b At3g47430 Peroxin 11b LOC_Os04g45210 Lingard andTrelease (2006), Orth et al. (2007), Desai and Hu (2008)

(Continued)
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Continued

Gene

name

At locus Annotation Os locus Reference

FIS1A At3g57090 Fission 1 isoform A LOC_Os03g24060 Delker et al. (2007), Zheng et al. (2008), Lingard et al. (2008), Zhang

and Hu (2009), Scott et al. (2006)LOC_Os05g31770

LOC_Os01g72280

PEX11e At3g61070 Peroxin 11e LOC_Os06g03660* Lingard et al. (2008), Lingard andTrelease (2006), Orth et al. (2007)

DRP3A At4g33650 Dynamin-related protein 3A LOC_Os01g69130* Arimura et al. (2004), Fujimoto et al. (2009), Zhang and Hu (2009),

Mano et al. (2004)LOC_Os04g31190*

PEX1 At5g08470 Peroxin 1 LOC_Os08g44240 Nito et al. (2007), Charlton et al. (2005)

FIS1B At5g12390 Fission 1 isoform B LOC_Os05g31770* Zheng et al. (2008), Lingard et al. (2008), Zhang and Hu (2009)

LOC_Os01g72280*

LOC_Os03g24060*

PEX19B At5g17550 Peroxin 19 isoform B LOC_Os02g44220* Nito et al. (2007), Hadden et al. (2006)

PEX4 At5g25760 Peroxin 4 LOC_Os02g42314 Nito et al. (2007), Lingard et al. (2009), Zolman et al. (2005)

PEX5 At5g56290 Peroxin 5 LOC_Os08g39080 Hayashi et al. (2005), Ramon and Bartel (2011), Woodward and

Bartel (2005), Brown et al. (2011); Khan and Zolman (2010)

PEX14 At5g62810 Peroxin 14 LOC_Os05g01090 Eubel et al. (2008), Reumann et al. (2007, 2009), Hayashi et al.

(2000), Nito et al. (2002)

PNC1 At3g05290 Peroxisomal adenine

nucleotide carrier 1

LOC_Os05g32630 Eubel et al. (2008), Arai et al. (2008a), Linka et al. (2008)

CDC At3g55640 Ca2+-dependent carrier LOC_Os03g16080 Carrie et al. (2009)

LOC_Os01g04990

PMD1 At3g58840 Peroxisomal and Mitochondrial

Division Factor 1

no match Aung and Hu (2011)

PMP22 At4g04470 Peroxisomal membrane protein

of 22 kDa

LOC_Os02g13270 Eubel et al. (2008), Murphy et al. (2003), Tugal et al. (1999)
LOC_Os08g45210

LOC_Os01g12800

PXA1/CTS At4g39850 Peroxisomal ABC transporter

1/Comatose

LOC_Os01g73530

LOC_Os05g01700

Eubel et al. (2008), Reumann et al. (2009), Footitt et al. (2002),

Hayashi et al. (2002), Hooks et al. (2007), Kunz et al. (2009), Nyathi

et al. (2010), Theodoulou et al. (2005), Zhang et al. (2011), Zolman

et al. (2001b)

PNC2 At5g27520 Peroxisomal adenine

nucleotide carrier 2

LOC_Os05g32630* Eubel et al. (2008), Arai et al. (2008a), Linka et al. (2008)

PXN/PMP38/

PMP36

At2g39970 Peroxisomal membrane protein

of 36 kDa

LOC_Os03g15860 Eubel et al. (2008), Reumann et al. (2009), Bernhardt et al. (2011),

Fukao et al. (2001)LOC_Os02g13170

LOC_Os09g33470

PEN2 At2g44490 Penetration 2 LOC_Os06g21570 Bednarek et al. (2009), Clay et al. (2009), Lipka et al. (2005),

Westphal et al. (2008), Maeda et al. (2009)LOC_Os04g39880

LOC_Os04g39900

MDAR4 At3g27820 Monodehydroascorbate

reductase 4

LOC_Os02g47800 Reumann et al. (2009), Lisenbee et al. (2005), Eastmond (2007)
LOC_Os02g47790

APX3 At4g35000 Ascorbate peroxidase 3 LOC_Os08g43560 Eubel et al. (2008), Reumann et al. (2007, 2009), Fukao et al.

(2003), Fukao et al. (2002), Lisenbee et al. (2003), Narendra et al.

(2006)LOC_Os04g14680

DHAR At1g19570 Dehydroascorbate reductase 1 LOC_Os05g02530 Reumann et al. (2009)

LOC_Os06g12630

PEROXISOME PROTEINS LACKING PTS

GLX1 At1g11840 Glyoxylase I homolog LOC_Os08g09250 Reumann et al. (2009), Quan et al. (2010)

SMP2 At2g02510 Short membrane protein 2 LOC_Os02g35610 Abu-Abied et al. (2009)

SOX At2g24580 Sarcosine oxidase LOC_Os09g32290 Goyer et al. (2004)

LOC_Os12g35890

LOC_Os01g21380

CoAE At2g27490 Dephospho-CoA kinase LOC_Os01g25880 Reumann et al. (2009)

(Continued)
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Continued

Gene

name

At locus Annotation Os locus Reference

B12D1 At3g48140 Senescence-associated

protein/B12D-related protein

LOC_Os07g17330 Reumann et al. (2009)
LOC_Os07g17310

LOC_Os06g13680

NDPK1 At4g09320 Nucleoside diphosphate kinase

type 1

LOC_Os10g41410 Reumann et al. (2009)

CPK1 At5g04870 Calcium dependent protein

kinase 1

LOC_Os12g30150 Coca and San Segundo (2010)
LOC_Os07g06740

LOC_Os03g57450

ACAT2 At5g48230 Acetoacetyl-CoA thiolase 2 LOC_Os09g07830 Reumann et al. (2007, 2009)

*Loci that have already been listed once; #internal PTS2; ∧proven localization; QKL (−10) in catalases are positioned 10 amino acids from the C-terminus.

it is possible that the three peroxisomal HIT proteins are involved
in recycling the pool of adenosine nucleotides in the peroxisome.
Based on the pH specific activity of HIT1, we speculate that this
protein may serve to buffer peroxisomal pH. Phenotypic and func-
tional characterization of these HIT proteins will be needed to
address their role in the peroxisome and in plant physiology.

PEROXISOMAL NADPH PRODUCTION
Many peroxisomal enzymes consume NADPH during reductive
reactions. For instance, several enzymes involved in JA biosynthesis
(OPR3), auxiliary β-oxidation (ECRs, SDRa), and detoxification
(MDAR, GR, NQR), require NADPH for their activity, underscor-
ing the critical need for this cofactor in the peroxisome (Nyathi and
Baker, 2006; Kaur et al., 2009). Several NADPH dehydrogenases
are also found in the peroxisome (Carrie et al., 2008). To maintain
optimal activities of these enzymes, the diminishing NADPH pool
needs to be continuously replenished. In addition to providing
reducing equivalents, NAPDH is also essential in oxidative dam-
age response and peroxisome protein import (Juhnke et al., 1996;
Pool et al., 1998; Pollak et al., 2007).

In plants, the plastid localized oxidative pentose phosphate
pathway (OPPP) is a primary source of NADPH. OPPP consists
of a three-enzyme cascade comprising of glucose-6-phosphate
dehydrogenase (G6PD), 6-phosphogluconolactonase (6PGL), and
6-phosphogluconate dehydrogenase (6PGDH). These enzymes
act sequentially to convert glucose-6-phosphate to ribose-5-
phosphate with the concomitant production of NADPH (Kruger
and von Schaewen, 2003). Besides the OPPP, NADPH is also gener-
ated by NADP-dependent isocitrate dehydrogenase (ICDH), malic
enzyme (ME), aldehyde dehydrogenase (ALDH), and NAD kinase
(NADK; Pollak et al., 2007). Some earlier studies indicated that the
NADPH generating enzymes in OPPP and ICDH are compart-
mentalized in plant peroxisomes (Donaldson, 1982; Corpas et al.,
1998; del Rio et al., 2002; Mateos et al., 2003). In yeasts, the presence
of peroxisomal ICDH is also necessary for β-oxidation of unsatu-
rated fatty acids and NADPH is critical to dissipate H2O2 (Henke
et al., 1998; van Roermund et al., 1998; Minard and McAlister-
Henn, 1999). Arabidopsis peroxisome proteomics studies detected
ICDH and 6PGDH and subcellular targeting studies validated
their peroxisomal localization (Fukao et al., 2002, 2003; Reumann
et al., 2007, 2009; Eubel et al., 2008). Although not identified

in proteomics experiments, 6PGL was shown to be a dual local-
ized protein carrying an N-terminal transit peptide directing it to
chloroplasts and a C-terminal PTS1 targeting it to peroxisomes
(Reumann et al., 2007). Interestingly, although the chloroplast
targeting of 6PGL is indispensable for viability, plants were unaf-
fected in the absence of a peroxisome localized isoform (Xiong
et al., 2009), strengthening the notion that plant peroxisomes
have alternative sources for NADPH generation. The only enzyme
missing from the set of peroxisomal OPPP was recently found
to be the plastidic G6PD1, which was selectively recruited to the
peroxisomes under conditions that promote transient oxidation
events. This study further demonstrated the cysteine dependent
heterodimer formation between the plastid targeted G6PD1 iso-
form and a catalytically inactive isoform G6PD4, and the import
of this heterodimer into peroxisomes (Meyer et al., 2011). As such,
peroxisomes seem to have a complete set of OPPP enzymes.

De novo biosynthesis of NADPH also occurs in peroxisomes
by the preferential phosphorylation of NADH by NADK3 (Turner
et al., 2005a,b). Though not found in proteomics studies, NADK3
has been localized to peroxisomes via a novel PTS1, SRY> (Waller
et al., 2010). Lastly, ALDHs are classified as NADP-dependent
enzymes that detoxify aldehyde substrates (Kirch et al., 2004).
Mammals possess multiple isoforms of ALDHs, which were found
to be induced by oxidative stress; one particular isoform was linked
to the prevention of oxidative damage (Pappa et al., 2003; Vasiliou
and Nebert, 2005). Peroxisome proteomic analysis in Arabidopsis
has repeatedly identified an ALDH, BADH, which has a putative
role in polyamine degradation (Reumann et al., 2007, 2009; Eubel
et al., 2008). Whether this protein contributes to the maintenance
of peroxisomal redox homeostasis/NADP turnover needs to be
ascertained. Thus, plant peroxisomes seem to have several routes
to maintain a supply of NADPH within the organelle, possibly as
a countermeasure for the dangers posed by oxidative stress ema-
nating from unchecked/continuous H2O2 generated within the
peroxisome.

METABOLITE TRANSPORTERS
Proteomic analysis of the soybean peroxisomal membrane pro-
teins led to the identification of a soybean peroxisomal ade-
nine nucleotide transporter and later on two homologous pro-
teins (PNC1, PNC2) from Arabidopsis (Arai et al., 2008b). An
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independent study of peroxisome membrane proteins isolated
from Arabidopsis suspension cultured cells also identified PNC2
as a novel constituent of the peroxisome membrane (Eubel et al.,
2008). A bioinformatics based approach followed by cell biological
and biochemical validations found PNC1 and PNC2 as adenine
nucleotide transporters in Arabidopsis as well (Linka et al., 2008).
Consistent with the ATP transporter activity of the PNCs, their
RNAi lines were sucrose dependent for seedling establishment
and impaired in post-germinative lipid mobilization. Functional
analysis of the PNCs highlights the critical need for ATP within
peroxisomes and reinforces the notion that these proteins are the
sole purveyors of ATP transport into peroxisomes (Arai et al.,
2008b; Linka et al., 2008).

PMP38/PXN, like the PNCs, is also a member of the mito-
chondrial carrier family. It was initially identified as an integral
peroxisome membrane protein in pumpkin cotyledons and con-
sidered to be a potential ATP/ADP transporter (Fukao et al., 2001).
The presence of PMP38 in Arabidopsis peroxisomes was subse-
quently detected in isolated peroxisomes from proteomics works
using suspension cultured cells and adult leaves (Eubel et al., 2008;
Reumann et al., 2009). However, this protein failed to complement
a yeast adenine nucleotide mutant (Linka et al., 2008) but instead
was found to serve as an NAD+ carrier involved in peroxisomal
β-oxidation (Bernhardt et al., 2011).

PEROXISOME PROTEINS LACKING PTS
Dehydroascorbate reductase (DHAR) is part of the peroxiso-
mal ascorbate-glutathione (PAG) cycle, which encompasses the
enzymes MDAR1, MDAR4,APX3, and glutathione reductase (GR)
and plays a key role in antioxidant metabolism (Kaur et al., 2009).
DHAR was found to be peroxisomal in pea and tomato (Jimenez
et al., 1997; Mittova et al., 2003), but was missing from the Ara-
bidopsis PAG pathway until its proteomic identification and sub-
cellular localization validation (Reumann et al., 2009). Glyoxylase
I (GLXI) is another protein without obvious PTS identified from
the leaf peroxisome proteome (Reumann et al., 2009). GLX system
disposes of toxic byproducts such as methylglyoxal in two consec-
utive steps catalyzed by GLXI and GLXII (Mannervik, 2008; Yadav
et al., 2008; Inoue et al., 2011). The verification of GLXI in the
peroxisome expanded the suite of detoxification related proteins
found in the peroxisome and indicated that half of the GLX path-
way is compartmentalized in peroxisomes in Arabidopsis (Quan
et al., 2010).

The plant-specific, senescence-associated B12D gene encodes
for a small protein lacking any recognizable PTS. It was only
detected in the proteome of leaf peroxisomes, and as a C-terminal
YFP fusion was found to target to peroxisomes (Reumann et al.,
2009). B12D genes in monocots such as barley and wheat are
expressed during seed development but cease to be transcribed
at seed maturity (Aalen et al., 1994, 2001; McIntosh et al., 2007).
The germinating seed is purported to induce the expression of
these genes via a putative gibberellic acid (GA) responsive pro-
moter element. Consistent with this notion, the expression of this
gene was found to be induced by GA but suppressed by abscisic
acid (ABA; Steinum et al., 1998). Although no function has been
attributed to B12D, the gene expression pattern suggests its role in
seed germination/dormancy.

Dephospho-CoA kinase (CoAE) was identified in leaf peroxi-
some proteomics and localized to the periphery of the peroxisome
membrane as a YFP fusion (Reumann et al., 2009). Coenzyme A
(CoA) and derivatives thereof are the major currency behind many
cellular metabolic pathways. CoA biosynthesis is accomplished in
five successive enzymatic steps, the last of which is carried out by
CoAE (Leonardi et al., 2005). Though the in planta effects of some
of the enzymes catalyzing the preceding steps in CoA biosynthesis
have been studied, the physiological role of CoAE in plants has
not been analyzed (Rubio et al., 2006, 2008; Tilton et al., 2006).
Given the number of β-oxidation reactions that require CoA, it
will be necessary to determine the effect of CoAE on peroxisome
metabolism.

Nucleoside diphosphate kinase type 1 (NDPK1) was another
unexpected peroxisomal protein to be found through proteomics,
and was seen to localize to peroxisomes as well as the cytosol and
nucleus (Reumann et al., 2009). This multi-localization is perhaps
not so surprising in light of the even more promiscuous localiza-
tion reported for the mammalian NDPKs (Bosnar et al., 2009).
NDPKs catalyze the interconversion of nucleoside diphosphates
by transferring the phosphate group from a nucleoside triphos-
phates (NTP) to any other nucleoside diphosphates (NDP) except
for ADP (Yegutkin, 2008). In view of this, NDPK1 might serve
to regulate the concentration of different nucleotide phosphates
within the peroxisome.

PEROXISOME PROTEOME IN RICE
THE NEED TO STUDY PEROXISOMES IN THE MONOCOT CROP PLANT,
RICE
The pivotal roles of peroxisomes in plant development and stress
responses make it highly necessary to study these organelles in
crop plants, with the goal to improve the quality and yield of crop
species. Rice (Oryza sativa) is one the three major staple food
crops in the world and a model system for basic research in mono-
cot plants. Traditionally, plant peroxisome studies have mainly
focused on dicot species such as cucumber, pumpkin, water-
melon, and pea (Beevers, 1979), and lately, Arabidopsis (Kaur et al.,
2009); however, very little research has been carried out with these
organelles in monocots, which differ significantly from dicots in
architecture and physiology. Having a completely sequenced and
well annotated genome, well developed transformation methods,
and rich genetic and mutant resources, rice is deemed to be the
logical choice for a model system to study peroxisome functions
in monocot plants.

Despite the fact that rice has a larger genome than Arabidop-
sis, the advantages of studying rice orthologs of Arabidopsis genes
have been exemplified by a number of cases, in which mutant phe-
notypes were revealed in rice but not in Arabidopsis mutant due to
functional redundancy among gene family members in the latter.
The best example is the identification of the gibberellin recep-
tor GIBBERELLIN INSENSITIVE DWARF1 (GID1) from rice, in
which the gid1 mutant shows a strong GA insensitive dwarf phe-
notype (Ueguchi-Tanaka et al., 2005). In contrast, three GID1
homologs exist in Arabidopsis and as a result, phenotypes could
only be shown in higher order mutants whereas single mutant is
indistinguishable from the wild-type plants (Griffiths et al., 2006).
T-DNA insertion mutants for many of the new peroxisome genes

www.frontiersin.org December 2011 | Volume 2 | Article 103 | 69

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Kaur and Hu Plant peroxisome proteomics

we recently identified have no apparent phenotypes (Cassin and
Hu, unpublished). Studying mutants of their orthologs in rice
may be an easier way to decipher the functions of some of these
proteins.

Studying peroxisomes in rice may also have applications in
engineering the more efficient C4 photosynthetic pathway into C3

crops for yield increase. Rice is a C3 plant growing in warm envi-
ronment, which favors photorespiration and thus reduces photo-
synthesis. However, in rice cells chloroplasts and stromules occupy
95% of the cell periphery, whereas peroxisomes and mitochondria,
players in photorespiration, are present in the interior of the cell
and lined up along the chloroplast walls (Sage and Sage,2009). This
interesting anatomy of rice mesophyll cells, which is atypical for a
C3 plant, was suggested to be significant in scavenging photores-
piratory CO2 to enhance the carboxylation capability of Rubisco
for CO2 refixation. In C3 plants, peroxisomes were found to be
responsible for the vast majority of the H2O2 produced during
photorespiration (Foyer and Noctor, 2003). It would be interest-
ing to investigate whether there are any changes to the activity
of rice peroxisomal photorespiratory enzymes in association with
these organelle rearrangements.

IN SILICO ANALYSIS OF THE RICE PEROXISOME PROTEOME
As a first step toward exploring the peroxisome proteome in cereal
crop species, we performed an in silico analysis of the rice per-
oxisome proteome by searching the rice genome for proteins
with sequence similarities with the Arabidopsis peroxisomal pro-
teins (Table 1). Remarkably, with the exception of two proteins,
every Arabidopsis peroxisome protein seems to have at least one
homolog in rice. One exception is ACD31.2, a small heat shock
protein. It is interesting that this protein as well as its PTS2 pep-
tide are well conserved in most plant species (Ma et al., 2006) but
entirely missing from rice. Another protein without an apparent
homolog in rice is peroxisome and mitochondrial division fac-
tor 1 (PMD1), a plant-specific dual localized membrane protein
involved in the proliferation of peroxisomes and mitochondria
in Arabidopsis (Aung and Hu, 2011). Altogether, the putative rice
peroxisome proteome consists of 133 matrix proteins, 47 mem-
brane proteins, and 14 proteins with no apparent PTSs. Among
the candidate peroxisome matrix proteins in rice, most proteins
contain PTS1 or PTS2-like sequences just like their Arabidopsis
counterparts, suggesting that these proteins are highly likely to
be peroxisomal. Proteins which appear to have lost PTS1 signal
include snowy cotyledon3 (SCO3), the dual localized malonyl-
CoA decarboxylase (MCD; Carrie et al., 2008), a protein of
unknown function (UP7), NADK3 (Waller et al., 2010), AAE14
(Babujee et al., 2010), and macrophage migration inhibitory fac-
tor, MIF (Li et al., 2009). Despite having a C-terminal PTS1,
Arabidopsis SCO3 is actually localized to the periphery of per-
oxisomes and influences plastid development possibly through
interaction with the cytoskeleton (Albrecht et al., 2010). Hence,
the loss of the matrix targeting signal PTS1 in its rice homolog is
not that surprising. For proteins whose homologs in Arabidop-
sis contain dual PTSs, CSY2 and LACS7 homologs retain the
same PTSs, LACS6 gains a PTS1 (PKL>), ACX3 and ACX6 both
lose their PTS1s, while ACD31.2 does not have an apparent rice
homolog.

Rice appears to employ a greater diversity of PTSs, with (poten-
tially) 37 assorted PTS1s and 5 PTS2s. Recognition of PTS1 in
plants seems fairly plastic and tolerant of non-canonical substitu-
tions (Lingner et al., 2011). These new PTS1s in rice still need
to be validated in planta as genuine PTSs. An outright obser-
vation is the frequent substitution to Methionine (M) in both
PTSs, i.e., at position 3 in the PTS1 in lieu of L or position 2 in
PTS2 in lieu of L/I. Examples include ATF, OPR3, AAE7, AAE12,
SO, 6PGDH, MFP2, and IBR3 for PTS1 and MDH and TLP for
PTS2. Another interesting observation is the change of PTSs in
the orthologs. For example, for the two proteins predicted to
work sequentially in the pseudouridine catabolism pathway, i.e.,
Indigoidine synthase A (IndA) and PfkB-type carbohydrate kinase
family protein (pxPfkB; Eubel et al., 2008; Reumann, 2011), IndA
harbors a PTS2 (RIX5HL), and pxPfkb has a PTS1 (SML>) in
Arabidopsis, whereas in rice IndA contains a PTS1 (SAL>) and
pxPfkb has a PTS2 (RMX5HL). In a similar case, the Arabidopsis
HIT2 and HIT3 proteins both have PTS2 (RLX5HL and RVX5HF
respectively) and HIT1 has a PTS1 (SKV>), whereas in rice all
three putative peroxisomal HIT proteins have PTS2s (RLX5HL).
A third example is the acquisition of a minor PTS2 (RQX4HL)
in one of the putative homologs of epoxide hydrolase (EH)
in rice.

EXPANSION AND CONTRACTION OF PEROXISOMAL PROTEIN FAMILIES
IN RICE
Rice is considered to be an ancient polyploid, as evidenced by rem-
nants of duplicated blocks in its genome (Paterson et al., 2004).
Its genome is predicted to have 1.5 times as many protein coding
genes as those in Arabidopsis (Sasaki et al., 2008). Thus, many Ara-
bidopsis peroxisome proteins or protein families have expanded
in number in the rice genome, augmenting the number of rice
peroxisome proteins.

Among the rice peroxisome proteins, PEX11a, MDAR4,
polyamine oxidase (PAO), a protein of unknown function (UP3),
AAE1, AAE7, and PM16 seem to have undergone tandem dupli-
cations. Duplication of genes is a recurrent evolutionary strategy
that drives genetic diversity, and divergent expression of dupli-
cated genes has shaped functional evolution of proteins and is
crucial for their retention in the genome (Gu, 2003; Pal et al.,
2006; Innan and Kondrashov, 2010). Consistent with this, the
duplicated genes in each pair of the tandem duplicates of PAO,
UP3, AAE7, and MDAR4 show highly dissimilar expressions
(http://evolver.psc.riken.jp/seiken/OS/index.html).

The peroxisomal ATP-binding cassette (ABC) transporter
PXA1/CTS/PED3 appears to have two homologs in rice.
PXA1/CTS/PED3 has been attributed with a role in transporting
β-oxidation substrates into the peroxisome, and mutant analysis
in Arabidopsis uncovered a plethora of plant phenotypes associ-
ated with its malfunction (Zolman et al., 2001b; Hayashi et al.,
2002; Theodoulou et al., 2006; Footitt et al., 2007b). In yeasts and
mammals, the PXA1 function is executed by two proteins (each
being a half transporter), which heterodimerize to form a func-
tional complex (Hettema and Tabak, 2000; Wanders et al., 2007).
However, the rice PXA1 homologs, like Arabidopsis PXA1, encode
for full transporters and presumably have full activity. It will be
worthwhile to explore as to whether the two rice homologs have
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different substrate specificities and whether this feature is unique
to monocots.

Genes encoding several enzymes associated with the major per-
oxisomal functions, such as β-oxidation and related functions
and detoxification, also increased in numbers in rice. Examples
include fatty acid multifunctional protein (MFP), acyl-CoA oxi-
dase (ACX), small thioesterase (sT), esterase/lipase/thioesterase
family 1 (ELT1), OPR3 in JA biosynthesis, and napthoate synthase
(NS), which has a predicted role in benzoate or phylloquinone
metabolism. It will be interesting to investigate whether the acqui-
sition of these additional copies of genes resulted in diversification
of the enzymatic activities. β-oxidation activities are the primary
source of H2O2 generation in peroxisomes. MDAR and APX are
two major enzymes in the glutathione–ascorbate cycle, which
serves to eliminate toxic H2O2. In line with the expanded core
of β-oxidation enzymes, which are capable of generating H2O2,
the antioxidative enzyme complement, including MDAR1, APX3,
and GSTT, has also undergone concomitant expansion. EHs are
involved in removal of toxic metabolites and enzymatic byprod-
ucts, thus fulfilling an important role in peroxisomal detoxifica-
tion. In rice, there seems to have four peroxisome EHs, in contrast
to the presence of a single EH in the Arabidopsis peroxisome. A
study in Nicotiana suggests that peroxisomal EH may play a role
in basal resistance during fungal infection (Wijekoon et al., 2011).
It will be worthwhile to analyze if they are involved in pathogen
response in rice as well.

Biotin is a vitamin and an important cofactor of enzymes in
both decarboxylation and carboxylation reactions; their biosyn-
thetic enzymes have been shown to be mostly mitochondrial
(Smith et al., 2007; Asensi-Fabado and Munne-Bosch, 2010).
Biotin F (7-keto-8-aminopelargonic acid synthase), an enzyme
implicated in the first step of biotin biosynthesis, has been a recent
and surprising addition to peroxisome localized proteins in Ara-
bidopsis (Tanabe et al., 2011). Biotin F has two rice homologs, both
of which contain the canonical PTS1, SKL. Production of vita-
mins is an economically important agricultural trait that is often
exploited to enhance nutritional value of food crops (Potrykus,
2001; Beyer et al., 2002; Datta et al., 2003). Investigations into the
impact of these proteins on the biotin content of the crops would
define new functions of peroxisomes and be vital in understanding
the contributions of peroxisomes in this process.

Betaine aldehyde dehydrogenases (BADH) metabolize 4-
aminobutyraldehyde/Δ1-pyrroline and probably function in
polyamine catabolism in peroxisomes. Rice has two copies of
this gene, and the genetic basis of fragrance in rice was linked
to the BADH2 locus. Interestingly, the non-functional BADH2
allele causes fragrance production, because the accumulation of
the substrate, 4-aminobutyraldehyde/Δ1-pyrroline, in this allele
enhances the synthesis of 2-acetyl-1-pyrroline, a major volatile
responsible for aroma in rice (Bradbury et al., 2008; Chen et al.,
2008). BADH1, on the other hand, was reported to oxidize
acetaldehyde and might be important to relieve oxidative stress
related to the submergence and re-aeration of rice plants (Mitsuya
et al., 2009).

Two peroxisome membrane proteins, PEX22 and FIS1, which
serve as scaffolds to recruit downstream proteins (PEX4 and DRP3,
respectively) in peroxisome biogenesis (Zolman et al., 2005; Scott
et al., 2006; Lingard et al., 2008; Zhang and Hu, 2008, 2009), both

seem to have an additional homolog in rice. However, subcellular
targeting analysis needs to be done to verify this observation, as
targeting signals for peroxisome membrane proteins are hard to
define.

Conversely, some Arabidopsis multigene family proteins only
have a single equivalent gene in rice. PEX19 and PEX3 are involved
in peroxisome membrane protein import and both have two iso-
forms in Arabidopsis (Kaur et al., 2009); yet only one copy each is
found in rice. The two peroxisomal adenosine nucleotide trans-
porters PNC1 and PNC2 were suggested to have arisen from
genomic chromosomal rearrangements (Palmieri et al., 2011),
therefore the occurrence of a single-copy PNC in rice is not
unreasonable. Lastly, citrate synthase (CSY), glutamate:glyoxylate
aminotransferase (GGT), 3-ketoacyl-CoA thiolase (KAT), and
acetyltransferase (ATF) have multiple isoforms in Arabidopsis but
seem to be encoded by a single gene in rice. Mutants for these
single-copy genes may be promising candidates to bypass gene
redundancy problems encountered in Arabidopsis to unveil the
function of their protein products in plants.

FUTURE PERSPECTIVES
Proteomics provide a wealth of information regarding organelle
protein constituents, yet there are limitations to this approach.
Many membrane proteins along with low-abundance proteins
and proteins peripherally associated with peroxisomes tend to
escape detection. In fact, none of the plant mass spectrometry-
based proteome studies were successful in identifying most known
peroxisomal membrane proteins, including those involved in var-
ious aspects of peroxisome biogenesis. However, many of their
counterparts were successfully discovered in previous peroxiso-
mal proteomics experiments in yeasts and mammals (Schafer et al.,
2001; Kikuchi et al., 2004; Wiese et al., 2007). As such, there is still a
lot of space for technology improvement to maximize the coverage
of plant peroxisomal proteins, especially those associated with the
membrane. In addition, peroxisomes and other organelles are not
static entities within the cell. Some proteins may be accumulated
or redistributed in the peroxisome in response to varied stimuli
in a tissue-, environment-, or development-specific manner, and
as a result, underrepresented in the analyzed proteome. Therefore,
sampling of the peroxisome proteome at various developmental
stages and under different environmental conditions may uncover
proteins with provisional presence in these organelles.

Since experimental proteomics has its limitations in detecting
low-abundance and transient peroxisomal proteins, this approach
needs to be complemented by in silico protein prediction stud-
ies in order to completely decode the peroxisome proteome.
Bioinformatics approaches have been very powerful in predict-
ing peroxisomal proteins based on the presence of PTSs on them,
allowing researchers to verify the predictions by subcellular local-
ization studies (Kamada et al., 2003; Reumann et al., 2004; Lingner
et al., 2011; Reumann, 2011). Furthermore, to assign functions
to each newly identified peroxisomal protein, reverse genetics
analysis and biochemical characterizations need to be conducted.
In the Arabidopsis peroxisome 2010 project, we have analyzed
more than 90 sequence-indexed T-DNA insertion mutants of
over 50 novel peroxisomal genes through a series of physiolog-
ical, biochemical, and cell biological assays to assess the roles
of the corresponding proteins in peroxisomes. This systematic
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approach revealed the involvement of more peroxisomal pro-
teins in embryogenesis, peroxisome protein import, and defense
response (Cassin and Hu,unpublished). Other physiological assays
coupled with metabolic profiling will need to be employed to elu-
cidate the novel roles of plant peroxisomes, as our current tool
box for analyzing peroxisome-related functions is only limited to
the well known peroxisomal functions such as β-oxidation and
photorespiration.

Knowledge gained through organelle proteomics can help us
build increasingly complex models regarding the functions and
regulation of these compartments, and map metabolic fluxes in
relation to other organelles. Cross comparison of global envi-
ronmental stress proteomics data using known peroxisome pro-
teins identified proteins with changed abundance under salt
(6PGL, NDPK1), cadmium (MDAR1, ATMS1, CAT3), and cold
(CAT3) stresses (Taylor et al., 2009). Post-translational modifi-
cation (PTM) of plant peroxisomal proteins is a field that has
been unexplored, except for the phosphorylation of PMP38/PXN
reported by Eubel et al. (2008). The list of Arabidopsis peroxi-
somal proteins can be used to query preexisting databases that
compile data of global PTM events. Information extracted from
the databases can then be used to formulate hypothesis, followed
by experimental testing.

A systems biology approach, which combines functional
genomics,proteomics, and computational tools,may help to estab-
lish a global network of peroxisome function in plants. Studies in
yeasts at the systems level defined the network dynamics that con-
trol the response of yeast cells to fatty acids at multiple levels,
including signaling, transcription, chromatin dynamics, and per-
oxisome biogenesis (Saleem et al., 2010a,b). Three transcription
factors in yeast have been demonstrated to be directly responsi-
ble for transcriptional regulation of peroxisome biogenesis genes
as well as metabolic enzymes therein during response to oleic
acids (Gurvitz and Rottensteiner, 2006). Likewise, the mammalian
nuclear receptor, PPARα, controls the activation of peroxisomal
genes in response to metabolic stimuli (Desvergne and Wahli,
1999). Plant peroxisome proteins far outnumber those found in
yeasts or mammals, i.e., over 160 in Arabidopsis and (putatively)
more than 190 in rice, vs. 61 in Saccharomyces cerevisiae and
85 in humans (Schrader and Fahimi, 2008). Yet how transcrip-
tional regulation of peroxisomal genes is accomplished in plants

is largely unknown. Direct binding of two transcriptional factors
to promoters of peroxisome genes in plants has been reported.
The first is the bZIP transcription factor, HY5 homolog (HYH),
which binds to the promoter of the peroxisome proliferator gene
PEX11b and controls its light specific activation in a phytochrome
A-dependent manner, resulting in light-induced peroxisome pro-
liferation (Desai and Hu, 2008). In addition, using chromatin
immunoprecipitation-on-chip analysis, PEX11b and a glyoxalase
I homolog (GLX1) were found to be direct targets of the bHLH
transcription factor POPEYE (PYE) under iron deplete conditions
(Long et al., 2010). We can now use the inventory of Arabidopsis
peroxisome proteins in combination with available global expres-
sion datasets to build transcriptional regulatory networks based
on co-expression analysis. Mining such data should also enable
us to connect common expression patterns to possible regulatory
factors. This knowledge would be instrumental to broadening our
understanding of what factors govern peroxisome protein com-
position in plants and how they relate to global environmental or
developmental changes.

Given the agronomical importance of plant peroxisomes,
extending the large scale proteome study of these organelles into
crop plants will be highly beneficial to improving the quality, yield,
and stress response of crop species. In addition to the in silico
proteome analysis of rice peroxisomes performed in this study,
experimental proteomics should be employed to understand the
dynamic rice peroxisomal proteome in different tissues and devel-
opmental stages, and under various environmental cues. Com-
parison of the peroxisome proteomes in rice and Arabidopsis will
shed light onto the evolution of peroxisomal functions in diverse
plant lineages. Grass (Poaceae) genomes display extensive synteny
(Devos and Gale, 1997), thus information gained from rice could
be applied to other cereal crops such as maize and wheat, which
are also prominent food crops worldwide.
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Assigning functions to the >30,000 proteins encoded by the Arabidopsis genome is a
challenging task of the Arabidopsis Functional Genomics Network. Although genome-wide
technologies like proteomics and transcriptomics have generated a wealth of information
that significantly accelerated gene annotation, protein activities are poorly predicted by
transcript or protein levels as protein activities are post-translationally regulated.To directly
display protein activities in Arabidopsis proteomes, we developed and applied activity-
based protein profiling (ABPP). ABPP is based on the use of small molecule probes that
react with the catalytic residues of distinct protein classes in an activity-dependent man-
ner. Labeled proteins are separated and detected from proteins gels and purified and
identified by mass spectrometry. Using probes of six different chemotypes we have dis-
played activities of 76 Arabidopsis proteins. These proteins represent over 10 different
protein classes that contain over 250 Arabidopsis proteins, including cysteine, serine,
and metalloproteases, lipases, acyltransferases, and the proteasome. We have devel-
oped methods for identification of in vivo labeled proteins using click chemistry and for
in vivo imaging with fluorescent probes. In vivo labeling has revealed additional protein
activities and unexpected subcellular activities of the proteasome. Labeling of extracts dis-
played several differential activities, e.g., of the proteasome during immune response and
methylesterases during infection. These studies illustrate the power of ABPP to display
the functional proteome and testify to a successful interdisciplinary collaboration involving
chemical biology, organic chemistry, and proteomics.

Keywords: papain-like Cys protease, matrix metalloprotease, serine hydrolase, proteasome, acyltransferase,

esterase, lipase

In this postgenomic era, plant scientists face the daunting task
of assigning functions to the more than 30,000 proteins that are
encoded by the Arabidopsis genome. In efforts to accelerate this
process, several genome-wide technologies have been developed,
permitting the study of biomolecules collectively, rather than indi-
vidually. These approaches have generated a tremendous wealth
of information about genomes, transcriptomes, and proteomes of
Arabidopsis, yielding insights into diverse biological processes. Yet
a crucial piece of information is missing between the proteome
and the processes in which proteins participate, namely: activ-
ity. The actual activity of a protein is difficult to predict from its
presence since activity is predominantly regulated by various post-
translational processes, such as phosphorylation, translocation,
and processing. Since the activity of proteins is crucial for describ-
ing and understanding their roles in living systems, genome-wide
technologies to reveal activities of numerous proteins in pro-
teomes will be fundamental to the assignment of mechanistic and
biological functions to Arabidopsis proteins.

Activity-based protein profiling (ABPP) is a key technology in
activity-based proteomics reviewed by Cravatt et al. (2008), which
is based on the use of biotinylated (or otherwise labeled) small
bioreactive molecules (probes) that react with active site residues
of proteins in an activity-dependent manner (Figure 1A). The

reaction results in a covalent, irreversible bond between the protein
and the probe, which enables subsequent analysis under denatur-
ing conditions. Labeled proteins can be detected on protein blots
and the proteins can be purified and identified by mass spectrom-
etry. This readout does not provide substrate conversion rates, but
reflects which active sites are accessible, which is a hallmark for
protein activities (Kobe and Kemp, 1999).

Ideally, one would like to display all protein activities of a given
proteome. Probes, however, have a specificity spectrum which tar-
gets them to different subsets of proteins. The advantage is that
this significantly simplifies the activity proteomes, which facilitates
quantitative high-throughput analysis with one-dimensional (1-
D) protein gels (e.g., Figure 1B). In contrast, it also implies that in
order to obtain a more complete picture of the proteome activity
of Arabidopsis, individual probes for distinct protein classes will
have to be validated.

Here, we will review the principle and opportunities of ABPP
for functional genomics research and the contributions that we
have made to introduce ABPP into Arabidopsis research. We
summarize our approaches to detect activities in extracts and
in living cells and summarize all Arabidopsis proteins that have
been labeled with activity-based probes. For an overview on the
use of ABPP approaches in plant biotechnology and in studies
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FIGURE 1 | Principle of ABPP. (A) Activity-based probes bind to the substrate
binding site and react with the catalytic residue to lock the cleavage
mechanism in the covalent intermediate state. Proteins that are not active,
e.g., inhibited or not activated, cannot react with the probe. Covalent and
irreversible labeling facilitates the detection and identification of the labeled

proteins. (B) Example of Ser hydrolase activities displayed in Arabidopsis leaf
proteomes by labeling with RhFP. Selective inhibition of different Ser
hydrolases by preincubation with 12 different agrochemicals is detected by
the absence of labeling of several proteins. For more information see
(Kaschani et al., 2011).

on plant–pathogen interactions, however, see (Kolodziejek and
Van der Hoorn, 2010) and (Richau and Van der Hoorn, 2011),
respectively.

DESIGN, SPECIFICITY, AND DETECTION OF ACTIVITY-BASED
PROBES
The design of the probe determines which class of proteins is
targeted, and with what specificity. Probes consist of a warhead,
a binding group, a linker, and a tag. The warhead is the reac-
tive group that irreversibly reacts with the protein, usually at its
active site. The binding group provides the probe with affinity for
the target and determines the selectivity for certain sub-classes of
proteins. The linker provides distance to the tag and can be cleav-
able. The tag facilitates detection and/or purification on the basis
of radioactivity (e.g., 125I), fluorescence (e.g., rhodamine), affin-
ity (e.g., biotin), or chemical reactivity (e.g., an alkyne or azide
moiety; Sadaghiani et al., 2007).

The specificity of the probe is primarily determined by the
binding group and the warhead. DCG-04 (Figure 2A), for exam-
ple, carries a leucine in the binding group and an epoxide warhead,
and targets papain-like cysteine proteases, since these enzymes
prefer a hydrophobic amino acid at the P2 position in the sub-
strate (Greenbaum et al., 2000). Other probes target phosphatases,
kinases, glycosidases, serine proteases, or the proteasome (Evans
and Cravatt, 2006; Cravatt et al., 2008). These probes have been
very useful in studies on activation and regulation of particular
enzymes.

Not only the probes but also the detection strategies have signif-
icantly evolved over the past few years. Fluorescent tags were intro-
duced to facilitate quantitative high-throughput screening, e.g., of
cancer cell lines (Patricelli et al., 2001; Jessani et al., 2002, 2004).
Gel-free profiling was developed to increase the detection range by
direct analysis of purified and digested labeled proteins by multi-
dimensional protein identification technology (MudPIT), which
increased the number of identified fluorophosphonate probes (FP)
targets from 15 to 50 per proteome (Jessani et al., 2005a) and
cleavable linkers were introduced to improve the release of the
labeled peptide during purification and determine the labeled
residue reviewed by Willems et al. (2011). New two-step labeling

FIGURE 2 | Activity-based probes used in Arabidopsis research. These
probes label papain-like Cys proteases (PLCPs, A); the proteasome (B–D);
serine hydrolases (E–G); and matrix metalloproteases (H). The reactive
binding moiety is depicted. The reactive group is indicated in red and the
site for attack by the catalytic residue of the enzyme indicated with a red
arrowhead. The metalloprotease probe JL01 is equipped with a
photoreactive group (yellow). The reporter tag (purple) can be for affinity
(biotin), fluorescence (Bodipy or Rhodamine), or a chemical mini tag (azide
or alkyne). For more detailed information on the protease probes, see (Van
der Hoorn and Kaiser, 2011).

procedures have been introduced to generate smaller, membrane
permeable probes for in vivo labeling (Speers and Cravatt, 2004;
Willems et al., 2011). This two-step labeling also simplifies probe
synthesis and provides a free choice of tag for the selected bind-
ing group and warhead. Finally, heavy and light cleavable reporter
tags have been introduced to facilitate quantitative proteomics of
labeled peptides (Weerapana et al., 2010).
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ABPP AS AN INSTRUMENT FOR FUNCTIONAL GENOMIC
RESEARCH
Pioneering work by the Cravatt and Bogyo groups demonstrated
that ABPP is a powerful novel technology for functional genomic
research since it provides functional information on proteins in at
least four different ways:

1. Activity display provides genome-wide information concerning
the activities of proteins. This is an essential complement for
transcriptomic and proteomic data since it concerns a func-
tional readout: activity. Activity description with FP-biotin
revealed dozens of proteins associated with cancer cell inva-
siveness and tumor growth, which represent novel diagnostic
markers and drug targets (Jessani et al., 2002, 2004).

2. Sub-classification is essential to describe functions for large
protein families that contain members with redundant func-
tions. Proteins with the same function act in a similar way on
substrates and inhibitors. ABPP can display these features for
each protein by screening small molecule libraries for inhibitors
of activity-based labeling. Functional sub-classification can
then be achieved by grouping proteins with similar inhibitory
signatures, as shown for human papain-like cysteine proteases
(Greenbaum et al., 2002).

3. Mechanistic identification is the case in which a protein with
unknown mechanism is classified based on its reactivity toward
a certain probe. KIAA0436, for example, has only low homology
with other proteins, but its reactivity toward FP-biotin pointed
at a catalytic triad that is conserved within the S09 family of
serine proteases (Liu et al., 1999). Furthermore, sialyl acetyl
esterases (SAE) were annotated as serine hydrolases after it was
found that FP-biotin reacts with SAE at S127, a serine residue
that is conserved among SEA-related proteins, and essential for
SAE activity (Jessani et al., 2005b).

4. Functional annotation is most commonly achieved by tra-
ditional genetics. However, for many genes this approach is
limited by redundancy, pleiotropic effects, and lethality. Chemi-
cal genetics is an upcoming technology that can overcome most
of these problems since the dosage, specificity and time-point
of interference of protein activity with small molecules can be
chosen (Toth and Van der Hoorn, 2010). However, the speci-
ficity of the small molecule is not always known. ABPP is a
powerful tool to assist in the selection of specific small mol-
ecule inhibitors (Kaschani and Van der Hoorn, 2007). ABPP
was for example used to identify specific inhibitors for uroki-
nase plasminogen activator (uPA) and KIAA1363 (Leung et al.,
2003; Chiang et al., 2006; Madsen et al., 2006), and these spe-
cific inhibitors demonstrated that uPA activation is essential
for tumor invasion (Madsen et al., 2006) and that KIAA1363
plays a key role in the lipid signaling by hydrolyzing 2-acetyl
monoalkylglycerol (Chiang et al., 2006).

THE ACTIVE PROTEOME OF ARABIDOPSIS
The Arabidopsis Functional Genomics Network (AFGN) aimed at
the annotation of gene functions of the model plant Arabidop-
sis thaliana. Within the AFGN program, we have launched new
probes into plant science to display protein activities in the Ara-
bidopsis proteome. This effort involved an intensive collaboration

involving organic chemistry (for probe synthesis), proteomics (for
identification of labeled proteins and labeling sites), and biochem-
istry (for characterization of labeling). Here, we review our work
published so far. These studies give a proof-of-concept to display
activities of more than 10 different protein classes containing over
250 Arabidopsis proteins (Table 1).

PAPAIN-LIKE CYS PROTEASES
Papain-like Cys proteases belong to family C1A and clan CA
in the Merops protease database (Van der Hoorn, 2008; Rawl-
ings et al., 2010) and carry a catalytic triad with a nucleophilic
Cys residue. The Arabidopsis genome encodes for 30 papain-like
Cys proteases that fall into nine subfamilies (Beers et al., 2004;
Richau et al., submitted). Papain-like Cys proteases are encoded
as pre-pro-proteases that enter the endomembrane system and
become activated by proteolytic removal of the autoinhibitory
prodomain. Only a few papain-like Cys proteases have been
studied in Arabidopsis. Responsive-to-dessication-21 (RD21A) is
encoded by a drought-responsive gene (Yamada et al., 2001).
Arabidopsis aleurain-like protease (AALP) is used as a vacuolar
marker protein (Ahmed et al., 2000). Senescence-associated gene-
12 (SAG12) is used as a transcriptional marker for senescence
(Otequi et al., 2005). XCP1 and XCP2 (xylem-specific Cys pro-
tease) are specifically expressed in the xylem and are required for
protein degradation in the final stages of xylem formation (Avci
et al., 2008). Responsive-to-dessication-19 (RD19) is involved
in immunity against the vascular bacterial pathogen Ralstonia
solanacearum (Bernoux et al., 2008). The PopP2 effectors of this
pathogen physically interacts with RD19 and mislocalizes the pro-
tein to the nucleus. CTB2 and CTB3 are cathepsin-like proteases
that play a role in senescence (McLellan et al., 2009). Thus, only
a few protease knockout plants have phenotypes and none of the
other 22 papain-like Cys proteases have been characterized.

Papain-like Cys proteases can be labeled with DCG-04, a
biotinylated version of protease inhibitor E-64 (Greenbaum et al.,
2000; Figure 2A). E-64 is selective for papain-like Cys proteases
since it carries a peptide backbone with a leucine that targets
the P2 substrate binding pocket of Papain-like Cys proteases, and
an epoxide that traps the nucleophilic attack by the catalytic Cys
residue of the protease. DCG-04 has been developed by the Bogyo
lab and has been used frequently in medical science reviewed by
Puri and Bogyo (2009).

Using ABPP with DCG-04, we showed for the first time that
six papain-like Cys proteases are active in extracts from Arabidop-
sis leaves (Van der Hoorn et al., 2004; Table 1). An additional
four papain-like Cys proteases were detected in extracts of Ara-
bidopsis roots, flowers and cell cultures (Richau et al., submitted),
and another 10 papain-like Cys proteases in senescent leaves
(Pruzinska et al., in preparation). Most undetected papain-like
Cys proteases are not transcriptionally expressed under the tested
conditions. There are, however, some genes that are expressed tran-
scriptionally, but not detected by ABPP. RD19A and RD19C, for
example are highly expressed genes in leaves, but have not been
detected by ABPP in extracts. To test if RD19A can be labeled by
DCG-04, the protein was overproduced by agroinfiltration in Nico-
tiana benthamiana, labeled with a fluorescent/biotinylated DCG-
04 (MV202), and the identity of the labeled protein confirmed
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Table 1 | Arabidopsis protein activities detected by ABPP.

Accession Common name Used material for ABPP1

Extract In vivo Agroinf.

PAPAIN-LIKE CYS PROTEASES (30 GENES)

At1g47128 RD21A DCG-04 (Van der Hoorn et al., 2004;

Richau et al., submitted)

MVA178 (Kaschani et al., 2009a) MV201 (Richau et al., submitted)
MV201 (Richau et al., submitted)

At5g43060 RD21B DCG-04 (Richau et al., submitted) MV201 (Richau et al., submitted) MV201 (Richau et al., submitted)

At3g19390 RD21C DCG-04 (Richau et al., submitted) – MV201 (Richau et al., submitted)

At3g19400 RDL2 DCG-04 (Richau et al., submitted) MV201 (Richau et al., submitted) MV201 (Richau et al., submitted)

At1g09850 XBCP3 – MV201 (Richau et al., submitted) –

At4g35350 XCP1 – – MV201 (Richau et al., submitted)

At1g20850 XCP2 DCG-04 (Van der Hoorn et al., 2004;

Richau et al., submitted)

– MV201 (Richau et al., submitted)

At1g06260 THI1 DCG-04 (Van der Hoorn et al., 2004;

Richau et al., submitted)

– MV201 (Richau et al., submitted)

At5g45890 SAG12 – – MV201 (Richau et al., submitted)

At4g39090 RD19A – MVA178 (Kaschani et al., 2009a) MV201 (Richau et al., submitted)

MV201 (Richau et al., submitted)

At2g21430 RD19B – – MV201 (Richau et al., submitted)

At4g16190 RD19C – MVA178 (Kaschani et al., 2009a) –

MV201 (Richau et al., submitted)

At5g60360 AALP DCG-04 (Van der Hoorn et al., 2004;

Richau et al., submitted)

MV201 (Richau et al., submitted) MV201 (Richau et al., submitted)

At3g45310 ALP2 DCG-04 (Van der Hoorn et al., 2004;

Richau et al., submitted)

– –

At1g02305 CTB2 DCG-04 (Richau et al., submitted) – –

At4g01610 CTB3 DCG-04 (Van der Hoorn et al., 2004;

Richau et al., submitted)

MV201 (Richau et al., submitted) MV201 (Richau et al., submitted)

T1 PROTEASOME CATALYTIC SUBUNITS (5 GENES)

At4g31300 PBA1(β1) BioVS (Gu et al., 2010) – –

At3g27430 PBB1(β2) BioVS (Gu et al., 2010) – –

At1g13060 PBE1(β5) BioVS (Gu et al., 2010) MVA178 (Kaschani et al., 2009a) –

MVB170 (Kolodziejek et al., 2011)

At3g26340 PBE2(β5) – MVA178 (Kaschani et al., 2009a) –

MVB170 (Kolodziejek et al., 2011)

S8 SUBTILISIN-LIKE PROTEASES (55 GENES)

At4g20850 SBT6.2/TPP2 FPpBio (Kaschani et al., 2009b), TriNP

(Nickel et al., 2011)

– –

At5g67360 SBT1.7/ARA12 FPpBio (Kaschani et al., 2009b) – –

At2g05920 SBT1.8 FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At4g21650 SBT3.13 FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At1g20160 SBT5.2 FPpBio (Kaschani et al., 2009b) – –

At3g14067 SBT1.4 FPpBio (Kaschani et al., 2009b) – –

S9 PROLYL OLIGOPEPTIDASE-LIKE (POPLs, 23 GENES)

At1g76140 – FPpBio (Kaschani et al., 2009b), TriNP

(Nickel et al., 2011)

– –

At1g50380 – FPpBio (Kaschani et al., 2009b) – –

At4g14570 AARE FPpBio (Kaschani et al., 2009b) – –

At5g24260 – FPpBio (Kaschani et al., 2009b) – –

At5g36210 – TriFP (Kaschani et al., 2009b) – –

(Continued)
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Table 1 | Continued

Accession Common name Used material for ABPP1

Extract In vivo Agroinf.

S10 SER CARBOXY PEPTIDASE-LIKE (SCPLs, 51 GENES)

At2g22990 SCPL8/SNG1 FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– FPpRh (Kaschani et al., 2009b)

At2g22970 SCPL11 TriFP (Kaschani et al., 2009b) – FPRh (Kaschani et al., 2011)

At2g22980 SCPL13 FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At4g12910 SCPL20 FPpBio (Kaschani et al., 2009b) – –

At4g30610 SCPL24/BRS1 FPpBio (Kaschani et al., 2009b) – –

At3g02110 SCPL25 FPpBio (Kaschani et al., 2009b) – –

At2g35780 SCPL26 FPpBio, TriFP (Kaschani et al., 2009b) – –

At5g23210 SCPL34 FPpBio (Kaschani et al., 2009b) – –

At5g08260 SCPL35 FPpBio, TriFP (Kaschani et al., 2009b) – –

At2g33530 SCPL46 FPpBio (Kaschani et al., 2009b) – –

At3g45010 SCPL48 FPpBio, TriFP (Kaschani et al., 2009b),

TriNP (Nickel et al., 2011)

– –

At3g10410 SCPL49 FPpBio, TriFP (Kaschani et al., 2009b) – –

At2g27920 SCPL51 FPpBio, TriFP (Kaschani et al., 2009b) – –

PECTINACETYLESTERASE-LIKE (PAEs, 11 GENES)

At1g57590 – FPpBio (Kaschani et al., 2009b) – –

At2g46930 – FPpBio (Kaschani et al., 2009b) – –

At3g09410 – FPpBio (Kaschani et al., 2009b) – –

At3g05910 – FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At3g62060 – FPpBio (Kaschani et al., 2009b) – –

At4g19410 – FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At4g19420 – FPpBio (Kaschani et al., 2009b) – –

At5g23870 – FPpBio (Kaschani et al., 2009b) – –

At5g45280 – FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

GDSL LIPASE LIKE (52 GENES)

At1g28600 – FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At3g05180 – FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At3g48460 – FPpBio (Kaschani et al., 2009b) – –

At4g28780 – FPpBio (Kaschani et al., 2009b) – –

At5g14450 – FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At1g09390 – TriFP (Kaschani et al., 2009b) – –

At1g29660 – TriFP (Kaschani et al., 2009b) – –

CARBOXYESTERASE-LIKE (CXEs, 20 GENES)

At1g49660 CXE5 FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At2g03550 CXE7 FPpBio (Kaschani et al., 2009b), TriNP

(Nickel et al., 2011)

– –

At2g45600 CXE8 FPpBio (Kaschani et al., 2009b) – –

At3g48690 CXE12 FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b), TriNP (Nickel

et al., 2011)

– TriNP (Nickel et al., 2011)

FPRh (Kaschani et al., 2011)

At3g48700 CXE13 FPpBio (Kaschani et al., 2009b) – –

(Continued)
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Table 1 | Continued

Accession Common name Used material for ABPP1

Extract In vivo Agroinf.

METHYLESTERASES (MESs, 20 GENES)

At2g23600 MES2/ACL FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– –

At2g23610 MES3 FPpBio (Kaschani et al., 2009b), TriFP

(Kaschani et al., 2009b)

– FPRh (Kaschani et al., 2011)

OTHER SER HYDROLASES

At5g20060 SH1 FPpBio (Kaschani et al., 2009b) – FPRh (Kaschani et al., 2011)

At5g65400 FSH1 FPpBio (Kaschani et al., 2009b) – FPRh (Kaschani et al., 2011)

At2g41530 SFGH TriFP (Kaschani et al., 2009b) – –

At5g65760 S28 TriFP (Kaschani et al., 2009b) – –

M10 MATRIX METALLOPROTEASES (5 GENES)

At1g70170 At2-MMP – – JL01 (Lenger et al., 2011)

At2g45040 At4-MMP – – JL01 (Lenger et al., 2011)

At1g59970 At5-MMP – – JL01 (Lenger et al., 2011)

1Proteins were detected with the mentioned probes on extracts (first column), in living tissue (second column), or in extracts of N. benthamiana transiently expressing

an Arabidopsis protein by agroinfiltration (third column).

by MS analysis (Richau et al., submitted). This demonstrated that
RD19A can be labeled by DCG-04/MV202 and that the absence of
labeling in extracts is not caused by the selectivity of the probe.

One limitation of labeling extracts is that proteins are exposed
to unnatural conditions by the loss of compartmentalization. The
loss of the cellular structure may affect protein activities and might
explain the absence of labeling of RD19s. Biotinylated probes are
usually not membrane permeable and therefore a two-step labeling
procedure was introduced to biotinylate in vivo labeled papain-like
Cys proteases (Kaschani et al., 2009a). First, a minitagged E-64 is
used for in vivo labeling. Minitags are small chemical tags (either
an alkyne or azide) that do not affect cell permeability of the
small molecule. After in vivo labeling, proteins are extracted under
denaturing conditions and biotinylated with a minitagged biotin
through“click chemistry.”Click chemistry is a copper(I)-catalyzed
organic chemistry reaction that does not require enzymatic activi-
ties and can occur under denaturing conditions, thereby excluding
ex vivo labeling. This two-step ABPP strategy was developed in
medical research (Speers and Cravatt, 2004; Willems et al., 2011),
and later introduced into plant science with E-64-based probes
(Kaschani et al., 2009a). When applied on Arabidopsis cell cultures,
labeling of RD19A and RD19C can now clearly be detected, as well
as RDL2 and XBCP2, two other papain-like Cys proteases that
were not previously detected (Richau et al., submitted; Table 1).
These data indicate that many protein activities are detected only
by in vivo labeling and would be missed by the analysis of labeled
extracts.

In addition to DCG-04, papain-like Cys proteases also react
with MVA178. MVA178 is designed for labeling the proteasome
and contains a peptide consisting of three leucines, followed by a
vinyl sulfone (VS) reactive group (Verdoes et al., 2008; Figure 2B).
The cross-reactivity of papain-like Cys proteases for MVA178
probes is not unexpected given the fact that this probe contains a

P2 = Leu and a trap for nucleophiles. Interestingly, strong papain-
like Cys protease-derived signals were detected with MVA178 when
Arabidopsis seedlings were labeled. Purification and identification
of the labeled proteins using click chemistry revealed that these sig-
nals contain RD21A, RD19A, and RD19C (Kaschani et al., 2009a;
Table 1). These data are consistent with the previously mentioned
observation that in RD19A and RD19C activities can only be
detected in vivo or when overexpressed (Richau et al., submit-
ted). Moreover, labeling of Arabidopsis leaf extracts with VS-based
probes results in weak signals that are absent in leaf extracts from
rd21A knockout lines (Gu et al., 2010), indicating that RD21A but
not RD19A or RD19C activities can be detected with VS probes in
leaf extracts.

Vinyl sulfone-based probes, however, do not label all papain-
like Cys proteases that can be labeled by DCG-04. AALP, for
example, was not detected during MS analysis of proteins labeled
with VS-based probes (Kaschani et al., 2009a; Gu et al., 2010). Fur-
thermore, labeling of RD21A by DCG-04 can be prevented with
VS-based probes, but labeling of AALP by DCG-04 is unaffected,
confirming that AALP is not a target of VS-based probes (Gu et al.,
2010).

The introduction of probes for ABPP of papain-like Cys pro-
teases has made a serious impact in Arabidopsis research. ABPP
using DCG-04 has been used to detect senescence-associated
papain-like Cys proteases in Arabidopsis (Van der Hoorn et al.,
2004; Pruzinska et al., in preparation), to show that AtSerpin1
inhibits RD21A (Lampl et al., 2010), and that heterologously
expressed AVR2 from the fungal pathogen Cladosporium ful-
vum affects papain-like Cys protease activities in Arabidopsis
(Van Esse et al., 2008). Beyond Arabidopsis proteomes, ABPP
has been very useful in studying papain-like Cys proteases in the
tomato apoplast, and their inhibition by diverse pathogen-derived
inhibitors (Rooney et al., 2005; Tian et al., 2007; Shabab et al.,
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2008; Van Esse et al., 2008; Song et al., 2009; Kaschani et al., 2010).
Further studies in Arabidopsis and other plants on the regulatory
roles of cystatins (Martinez et al., 2005), protein di-isomerases
(Ondzighi et al., 2008), and other putative regulators of papain-like
Cys proteases are likely to benefit tremendously by using ABPP.

THE PROTEASOME
The 26S proteasome is a protein complex that resides in the cyto-
plasm and nucleus and degrades ubiquitinated proteins (Kurepa
and Smalle, 2008). The proteasome consists of a 19S regulatory
particle (RP) and a 20S core protease (CP). The inner two rings of
the CP each contain three catalytic subunits having different pro-
teolytic activities: β1 cleaves after acidic residues, while β2 cleaves
after basic residues and β5 after hydrophobic residues (Kurepa and
Smalle, 2008). The catalytic subunits of Arabidopsis are encoded
by five genes: PBA1 (β1), PBB1 and PBB2 (β2), and PBE1 and
PBE2 (β5). Since the selective degradation of substrates is thought
to depend entirely on the selective ubiquitination machinery, the
activity of the catalytic subunits of the proteasome itself has been
poorly investigated. Studying the proteasome activity with tradi-
tional methods is also tedious, since it requires the isolation of the
proteasome from tissue and the use of specific fluorogenic sub-
strates to measure the activity of each proteasome subunit (e.g.,
Groll et al., 2008; Hatsugai et al., 2009). Furthermore, studies on
the function of the proteasome subunits are hampered by the fact
that each subunit is essential for proteasome assembly and that the
proteasome is indispensable for cell survival.

The proteasome activity can be displayed with activity-based
probes of three different chemotypes (Gu et al., 2010; Kolodziejek
et al., 2011). The previously mentioned VS-based probes contain a
peptide with three leucines and a VS reactive group (e.g., MV151,
BioVS, and MVA178; Figure 2B; Kessler et al., 2001; Verdoes et al.,
2006, 2008). The epoxomicin-based probe contains the tetrapep-
tide (Ile-Ile-Thr-Leu) and an epoxyketone reactive group (e.g.,
MVB003, MVB070, and MVB172; Figure 2C; Kolodziejek et al.,
2011). The syrbactin-based probes contains a 12-membered ring
with a reactive Michael system (e.g.,RhSylA; Figure 2D; Clerc et al.,
2009). All three probes label the proteasome in extracts and in liv-
ing cells, but these probes differ in their characteristics. MS analysis
of BioVS-labeled leaf extracts identified PBA1(β1), PBB1(β2), and
PBE1(β5; Gu et al., 2010; Table 1). In vivo labeling of seedlings
with MVA070 identified PBE1(β5) and PBE2(β5; Kaschani et al.,
2009a) and the same subunits were identified by in vivo labeling of
cell cultures with epoxomicin-based MVB070 (Kolodziejek et al.,
2011; Table 1). The specific labeling of PBE1(β5) and PBE2(β5) in
living cells can be explained by the fact that labeling in vivo is not
saturating, since this would affect cell viability and that both VS-
and epoxomicin-based probes preferentially react with β5 (PBEs;
Gu et al., 2010; Kolodziejek et al., 2011).

Besides the proteasome, VS-based probes also label papain-like
Cys proteases (Table 1). The property that this probe monitors dif-
ferent proteolytic activities in both the cytoplasm and endomem-
brane system can be very useful. This revealed, for example, that
the frequently used proteasome inhibitor MG132 preferentially
inhibits papain-like Cys proteases in vivo (Kaschani et al., 2009a),
casting doubts on the previously drawn conclusions where MG132
was used to stabilize various substrates in vivo. The dual targeting

property of fluorescent VS-based probes, however, puts limitations
to their use in imaging since it is not known what the fluorescent
signals in the cell represent.

In contrast to VS-based probes, epoxomicin-based probes are
highly selective for the proteasome and have been used for imag-
ing. When incubated with Arabidopsis cell cultures, fluorescent
epoxomicin-based probes light up the cytoplasm and nucleus
(Kolodziejek et al., 2011), consistent with the presumed location of
the proteasome. Syrbactin-based probes are also highly selective
for the proteasome and have also been used for imaging. Sur-
prisingly, these studies revealed that fluorescent syrbactin-based
probes accumulate in the nucleus of Arabidopsis cell cultures
(Kolodziejek et al., 2011). One explanation for this observation
could be that syrbactin-based probes target the nuclear protea-
some since the properties of nuclear proteasomes may be different
from those residing in the cytoplasm.

Proteasome probes are likely to affect research on the plant pro-
teasome to a great extent. For example, ABPP of the proteasome
revealed that the proteasome activity increases during salicylic acid
signaling (Gu et al., 2010). This upregulated activity occurs in
the cytoplasm where >90% over the cellular proteasome resides
(Gu et al., 2010). Importantly, the increased proteasome activ-
ity is not associated with increased proteasome levels (Gu et al.,
2010). This illustrates the added value of ABPP information since
such differential activities would not be detected by traditional
functional proteomic approaches. A stress-induced proteasome
activity is reminiscent of the immunoproteasome described in
animals which is thought to release peptides for antigen display
(Goldberg et al., 2002). Furthermore, ABPP of the proteasome was
used to confirm that syringolin A (SylA), a non-ribosomal pep-
tide produced by the bacterial pathogen Pseudomonas syringae pv.
syringae B728a, inhibits the plant proteasome (Kolodziejek et al.,
2011). Further studies revealed that SylA preferentially targets the
β2 and β5 subunits and that SylA may specifically target the nuclear
proteasome (Kolodziejek et al., 2011). These studies illustrate that
proteasome probes will have a profound effect on studies on the
localization and regulation of the Arabidopsis proteasome.

SERINE HYDROLASES
Ser hydrolases are a large superfamily of hydrolytic enzymes
carrying an activated Ser residue in the catalytic triad. The Ara-
bidopsis genome encodes for hundreds of Ser hydrolases, includ-
ing 55 S8 subtilases, 23 S9 prolyl oligopeptidases (POPLs), 51
S10 Ser carboxypeptidase-like proteins (SCPLs), which includes
acyltransferases, 11 pectin acetylesterase-like proteins (PAEs), 52
GDSL lipases, 20 carboxyesterases (CXEs), and 20 methylesterases
(MESs; Kaschani et al., 2009b). The vast majority of these Ser
hydrolases have not been functionally characterized, but some are
involved in various biological and biochemical processes. Of the
subtilases, SBT1.7/ARA12 is required for mucilage release from
the seed coat (Rautengarten et al., 2008), whereas SBT6.2/TPP2
degrades peptides released by the proteasome (Book et al.,
2005). The prolyl oligopeptidase-like AARE degrades N-acylated
proteins in the chloroplast stroma (Yamauchi et al., 2003).
SCPL8/SNG1 is an acyltransferase involved in the production of
UV protectant sinapoyl malate (Lehfeldt et al., 2000), and overex-
pression of SCPL24/BRS1 suppresses dwarfing in brassinosteroid
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signaling mutants (Li et al., 2001). Furthermore, carboxylesterase
CXE12 is involved in xenobiotics detoxification (Cummins et al.,
2007) and methylesterases MES2 and MES3 can hydrolyze var-
ious methylated phytohormones (Vlot et al., 2008). Finally, S-
formylglutathione hydrolase (SFGH) is involved in formaldehyde
metabolism (Kordic et al., 2002). In conclusion, the roles of the
first characterized Ser hydrolases are remarkably diverse.

The activities of Ser hydrolases can be displayed with
phosphonate- and phosphate-based probes. The use of FP
(Figures 2E,F; Liu et al., 1999) has been particularly powerful
in medical research (Simon and Cravatt, 2010). FP probes have
a small reactive fluorophosphonate group, an alkyl or polyethyl-
ene glycol linker, and various reporter tags. We have identified the
targets of a biotinylated FP probe from Arabidopsis leaf extracts
using on-bead tryptic digests and MudPIT analysis. After subtract-
ing background proteins detected in the no-probe controls, 45 Ser
hydrolases remained (Table 1; Kaschani et al., 2009b). Amongst the
labeled proteins are six subtilases, including ARA12 and TPP2; four
POPLs, including AARE; 12 SCPLs including SNG1 and BRS1;
nine pectin acetyl esterases; five GDSL lipases; five carboxyesterases
including CXE12; two methylesterases (MES2 and MES3); and
two other Ser hydrolases (Kaschani et al., 2009b). An additional
six Ser hydrolases were identified when purified labeled proteins
were excised from gel (Kaschani et al., 2009b; Table 1).

The strength of Ser hydrolase profiling in the huge number of
targets is also a weakness, since many labeled proteins have the
same molecular weight and overlap in protein gels. Quantitative
proteomic methods will be required to compare Ser hydrolase
activities between different proteomes, but this approach will not
facilitate high-throughput comparative analysis. To allow high-
throughput screening using 1-D protein gels and fluorescent
probes, we have generated selective Ser hydrolase probes. Such
a selective probe was developed by replacing the fluoride leaving
group by a nitrophenol leaving group. This trifunctional nitro-
phenol probe (TriNP; Figure 2G) is bulkier and less reactive and
therefore labels a subset of the Ser hydrolases (Nickel et al., 2011;
Table 1).

Another way of studying particular Ser hydrolase activities in
detail is to overexpress the protein by agroinfiltration and study the
labeling of this protein in extracts. This strategy has been employed
to study the activity of representatives of five different Ser hydro-
lase classes (Kaschani et al., 2011; Table 1). Such an approach also
confirmed the labeling of glycosylated SCPL8/SNG1 by FPpRh
(Kaschani et al., 2009b), and of CXE12 by TriNP and RhFP (Nickel
et al., 2011; Table 1).

Ser hydrolase profiling will have a tremendous impact on Ara-
bidopsis research since this technology detects activities of hun-
dreds of proteins that act in various biological processes. For
example, several differential Ser hydrolase activities were displayed
upon infection of the susceptible Arabidopsis pad3 mutant when
compared to resistant plants (Kaschani et al., 2009b). Amongst
these, we noticed a downregulated activity of MES2 and MES3
during infection. Since MES2 and MES3 may regulate salicylic
acid (SA) levels by releasing SA from the methyl-SA conjugate
(Vlot et al., 2008), the downregulation of methylase activity may
be an advantage for the pathogen since this would suppress
SA signaling. Importantly, the downregulation of methylesterase

activity was not predicted from transcriptomic data, illustrat-
ing the added value of the ABPP approach to detect unexpected
molecular mechanisms. Another recent example is the discovery
of selective inhibitors of Ser hydrolases (Kaschani et al., 2011).
These inhibitors were detected by screening a small set of agro-
chemicals that contain phosphate or phosphonate groups using
fluorescent FP and NP profiling. These selective inhibitors can be
used for chemical knockout experiments and for the design of next
generation selective probes for Ser hydrolases.

MATRIX METALLOPROTEASES
Matrix metalloproteases (MMPs) are family M10, clan MA pro-
teases carrying a zinc ion in the catalytic center. Plant MMPs
are implicated in growth, development, and immunity (Lenger
et al., 2011). MMPs reside in the cell wall, often linked to the
cell membrane. The Arabidopsis genome encodes for five MMPs
(Maidment et al., 1999) and at 2-mmp mutant plants have sev-
eral growth defects (Golldack et al., 2002). Activity-based probes
for metalloproteases are distinct from the previously discussed
probes since metalloproteases do not pass through a covalent
intermediate with their substrates. Consequently, probes that trap
the protease in the covalent intermediate state do not exist for
metalloproteases. Metalloprotease probes are therefore based on
reversible inhibitors, equipped with a photoreactive group that
confers covalent labeling. Hydroxamate-based inhibitors are com-
monly used for the design of metalloprotease photoaffinity probes
(e.g., Saghatelian et al., 2004). Labeling with photoaffinity probes
will report on the availability of the substrate binding site, which
is an important hallmark for enzyme activity (Kobe and Kemp,
1999). Hydroxamate-based inhibitors bind to the substrate bind-
ing pocket and chelate the metal ion in the active site using the
hydroxamate moiety. A photoaffinity probe based on marimastat, a
hydroxamate-based inhibitor, has been designed, synthesized, and
tested for labeling Arabidopsis MMPs (e.g., JL01, Figure 2H, Lenger
et al., 2011). Labeling with hydroxamate-based probes was con-
firmed for At2-MMP, At4-MMP, and At5-MMP using extracts of
N. benthamiana overexpressing each protease (Lenger et al., 2011;
Table 1). Further studies using fluorescent probes and membranes
from (mutant) Arabidopsis plants are aimed to further establish
MMP profiling and may reveal other metalloprotease classes that
are targeted by hydroxamate probes.

CONCLUSION, AND NEW DIRECTIONS
In conclusion, using probes of six different chemotypes, 68 Ara-
bidopsis proteins have been detected by MS analysis of probe-
labeled samples from extracts (64 proteins) and upon in vivo
labeling (10 proteins; Table 1). Labeling of 14 of these proteins has
been confirmed by transient overexpression through agroinfiltra-
tion (Table 1). Overexpression by agroinfiltration demonstrated
labeling of another eight proteins (Table 1). Thus, activities of 76
Arabidopsis proteins have been detected. Based on the fact that
these proteins represent larger subfamilies, and that the probes
seem to be non-selective within these families, we anticipate that
at least 276 proteins can be monitored using ABPP if the right
tissues and labeling conditions are applied.

The establishment of ABPP for the four classes of plant pro-
teins described above is only the beginning. Probes have been
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described for phosphatases, glycosidases, cytochrome P450s, his-
tone deacetylases, kinases, and many other proteins (Cravatt et al.,
2008; Witte et al., 2011). Validation of these probes on Ara-
bidopsis proteomes is a challenging task for the Plant Chemetics
lab. Probes that have been validated and will soon be avail-
able are targeting vacuolar processing enzymes (VPEs, family
C13, clan CD, 4 genes) and ATP binding proteins, including
kinases (>1500 genes). Of particular interest are unbiased probes.
Unbiased probes are not designed for a particular protein class
but are reactive to residues in proteomes that are in an ele-
vated reactive state. These hyperreactive residues appear often
of functional importance. Cysteine residues that are hyperreac-
tive to iodoacetamide probes, for example, are often catalytic
residues, or sites for post-translational modification (Weerapana
et al., 2010). We have identified a probe of a different chemo-
type that highlights functionally important tyrosine residues in
the xenobiotic binding site of glutathione-S-transferases (Gu,
Weerapana, Wang, Colby, Cravatt, Kaiser, Van der Hoorn, unpub-
lished).

New probes come with an increased demand for improved
detection technologies. Specific probes are ideal for high-
throughput analysis and cell imaging, but are not available for
most proteins. In contrast, broad range probes require quantita-
tive proteomic analysis to take full advantage of the extensive target
range offered by these probes. Furthermore, unbiased probes not
only require the identification of the labeled protein, but also
the labeling site, which will put further demands on proteomic

detection methods. Comparison of activities in different pro-
teomes is feasible by quantifying fluorescent signals. However,
quantification of labeled proteins by MS is more challenging,
since this requires the application of quantitative methods such
as SILAC or iTRAQ (Brewis and Brennan, 2010). Isotopic tandem
orthogonal proteolysis (isoTOP) is of particular interest to iden-
tify labeling sites and compare their relative amounts between two
proteomes (Weerapana et al., 2010).

A third direction of ABPP expansion is aimed at the appli-
cation of activity-based probes and their generated information
in Arabidopsis research and beyond. Activity information should
become integral to the information offered by The Arabidopsis
Information Resource (TAIR), and more probes should become
accessible to the research community. The Plant Chemetics lab
will continue to host visiting scientists to apply ABPP on other
plant-related research questions, and probes will become available
through a website that offers the probes for prices that would cover
re-synthesis.

Thus, further development using new probes, detection tech-
nologies, and the availability of the probes and technology to the
research community is going to display an increasing number of
proteome activities of Arabidopsis and beyond.
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Plastids are the defining organelles of all photosynthetic eukaryotes. They are the site
of photosynthesis and of a large number of other essential metabolic pathways, such
as fatty acid and amino acid biosyntheses, sulfur and nitrogen assimilation, and aromatic
and terpenoid compound production, to mention only a few examples. The metabolism of
plastids is heavily intertwined and connected with that of the surrounding cytosol, thus
causing massive traffic of metabolic precursors, intermediates, and products. Two layers
of biological membranes that are called the inner (IE) and the outer (OE) plastid envelope
membranes bound the plastids of Archaeplastida. While the IE is generally accepted as the
osmo-regulatory barrier between cytosol and stroma, the OE was considered to represent
an unspecific molecular sieve, permeable for molecules of up to 10 kDa. However, after the
discovery of small substrate specific pores in the OE, this view has come under scrutiny.
In addition to controlling metabolic fluxes between plastid and cytosol, the OE is also
crucial for protein import into the chloroplast. It contains the receptors and translocation
channel of the TOC complex that is required for the canonical post-translational import of
nuclear-encoded, plastid-targeted proteins. Further, the OE is a metabolically active com-
partment of the chloroplast, being involved in, e.g., fatty acid metabolism and membrane
lipid production. Also, recent findings hint on the OE as a defense platform against sev-
eral biotic and abiotic stress conditions, such as cold acclimation, freezing tolerance, and
phosphate deprivation. Moreover, dynamic non-covalent interactions between the OE and
the endomembrane system are thought to play important roles in lipid and non-canonical
protein trafficking between plastid and endoplasmic reticulum.While proteomics and bioin-
formatics has provided us with comprehensive but still incomplete information on proteins
localized in the plastid IE, the stroma, and the thylakoids, our knowledge of the protein
composition of the plastid OE is far from complete. In this article, we report on the recent
progress in discovering novel OE proteins to draw a conclusive picture of the OE. A “parts
list” of the plastid OE will be presented, using data generated by proteomics of plastids
isolated from various plant sources.

Keywords: plastid outer envelope, endoplasmic reticulum, plastid associated membranes, stromules

INTRODUCTION
Plastids are the eponymous cellular organelles of the Archae-
plastida (i.e., photosynthetic eukaryotes that contain plastids of
primary endosymbiotic origin, also known as the Plantae) and
they host the majority of anabolic pathways. Archaeplastida that
have lost the ability to photosynthesize, such as parasitic plants, still
contain plastids. De novo fatty acid synthesis is exclusively local-
ized in plastids. Fatty acid synthesis is based on the production
of acetyl-Coenzyme A (acetyl-CoA) by the pyruvate dehydroge-
nase complex in the plastids (Johnston et al., 1997). The plastidic
acetyl-CoA carboxylase drives the first reaction in the fatty acid
biosynthesis resulting in malonyl-CoA (Konishi et al., 1996). These
fatty acids are used for lipid biosynthesis in the plastid envelopes
and in the endoplasmic reticulum (ER).

Of the 20 proteinogenic amino acids, nine are synthesized
exclusively in plastids: the aspartate derived amino acids methio-
nine, threonine, and lysine (Mills and Wilson, 1978; Mills, 1980;

Wallsgrove and Mazelis, 1980; Curien et al., 2005, 2009), the aro-
matic amino acids phenylalanine, tryptophan, and tyrosine (Bickel
et al., 1978), and the threonine and pyruvate derived branched-
chain amino acids leucine, valine, and isoleucine (Singh and
Shaner, 1995; Binder et al., 2007).

Purines, the building blocks of RNA and DNA bases and of ATP
are also synthesized in plastids, as is the pyrimidine backbone. All
10 enzymatic steps of inosine monophosphate biosynthesis occur
in the plastids (Zrenner et al., 2006). Furthermore, five of the six
steps of pyrimidine synthesis are catalyzed by the plastidic enzymes
carbamoylphosphate synthase (Giermann et al., 2002), aspartate
transcarbamoylase, dihydroorotase, and uracil monophosphate
synthase (Doremus and Jagendorf, 1985).

The reduction of sulfate to sulfide is also confined to the plastid
(summarized in Takahashi et al., 2011) as well as the produc-
tion of sulfolipids (compare Okanenko, 2002). Chloroplasts fix
inorganic carbon in the form of CO2 in the Calvin–Benson cycle
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and incorporate nitrogen in the form of ammonia into gluta-
mate and glutamine. The chloroplasts provide energy in the form
of reducing equivalents through photosynthesis. Further chloro-
plast products, such as triose phosphates (TP), carbohydrates, and
amino acids are exported from the chloroplasts to feed processes
in the cell (Weber, 2004; Weber et al., 2004, 2006; Linka and Weber,
2009; Weber and Linka, 2011).

The anabolic versatility of chloroplasts traces back to their
prokaryotic ancestor. An ancestral cyanobacterium was engulfed
and stably integrated into the eukaryotic host during primary
endosymbiosis (for a recent review, see Weber and Osteryoung,
2010). Approximately 1, 6 billion years of co-evolution irreversibly
integrated the photoautotrophic prokaryote into the host cell, cre-
ating the plant cell as we know it (Figure 1; Yoon et al., 2004;
Reyes-Prieto et al., 2007; Tyra et al., 2007).

Plastids derived from this initial event, primary plastids, are
bound by two surrounding envelope membranes, the inner (IE)
and the outer (OE) envelope membrane. It is believed that
both envelope membranes are derived from cyanobacterial mem-
branes (Gould et al., 2008). The IE traces back to the plasma
membrane (PM) of the ancestral cyanobacteria. The OE traces
to the bacterial outer membrane since (i) it contains galac-
tolipids (Jarvis et al., 2000), (ii) β-barrel forming proteins are
in both envelope membranes and the bacterial outer enve-
lope (Schleiff et al., 2003a), and (iii) traces of peptidoglucan

biosynthesis are present in plastids of glaucophytes (Steiner et al.,
2005).

Although the plastid harbors the majority of anabolic pathways
and is well separated from the cytosol by two membranes, the
extant plastid is only semiautonomous (Gould et al., 2008). Dur-
ing domestication, the organelle lost almost its complete genome
to the nucleus. Only approximately 2% of the plastid proteome
are encoded on the plastom (Abdallah et al., 2000), and almost
all of the proteins the plastid needs to function are imported
from the cytosol (Schnell et al., 1994; Hinnah et al., 1997). It
also lost the ability to freely replicate, because the complete pro-
tein set for division is encoded in the nucleus (Hashimoto and
Possingham, 1989; Kuroiwa et al., 1998). Furthermore, cell- and
plastid-divisions are synchronized (El-Shami et al., 2002; Raynaud
et al., 2005), although it can be uncoupled to a certain degree, as
demonstrated by several mutant lines defective in plastid division
(Pyke and Leech, 1992; Osteryoung et al., 1998; Asano et al., 2004;
Raynaud et al., 2004).

Extant plastids are well integrated into their host cells, exchang-
ing metabolites, proteins, membrane lipids, and information. The
ultimate barriers between these compartments are the plastid
envelope membranes. For the IE the reader is directed to several
recent reviews about the function of the inner envelope membrane
(Linka and Weber, 2009; Kovacs-Bogdan et al., 2010; Facchinelli
and Weber, 2011; Fischer, 2011; Weber and Linka, 2011). In this

FIGURE 1 | From endosymbiont to plastid. Schematic representation of plastid origin and extant anabolic pathways in plastids; ER, endoplasmic reticulum;
Mito, mitochondrion; IE, inner envelope; IMS, intermembrane space; OE, outer envelope; FA, fatty acid; AS, amino acid (specific amino acids are denoted in one
letter code); TP, triosephosphate
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review, we will focus on the role of the outer envelope and we
provide a parts list of the OE proteome (Tables 1 and 2).

SOLUTE TRANSPORT ACROSS THE OUTER ENVELOPE
Since the plastid is the anabolic factory of the cell, substrates
that cannot be produced from intermediates of the Calvin–
Benson cycle need to be imported while many products need
to be exported. All substrates and products cross two enve-
lope membranes, the IE and the OE. The IE contains a diverse
set of substrate specific proteins processing and possibly con-
trolling export and import to the organelle (Linka and Weber,
2009; Bräutigam and Weber, 2011; Facchinelli and Weber, 2011;
Weber and Linka, 2011). Pores with broad substrate specificity
have not yet been described in the inner envelope. For a long
time the OE was considered as a molecular sieve for mole-
cules larger than 10 kDa not contributing to the barrier between
stroma and cytosol. This view has been disputed (Pohlmeyer et al.,
1997; Flügge, 2000; Soll et al., 2000). In the past 15 years, four
pore forming proteins of different selectivity have been charac-
terized and were named by their apparent molecular masses as
OEP16 (Pohlmeyer et al., 1997), OEP21, OEP24 (Pohlmeyer et al.,
1998), and OEP37 (Schleiff et al., 2003a; Table 1). They were
initially identified in Pisum sativum (pea) and later pursued in
Arabidopsis.

OEP24
OEP24 is a member of β-barrel forming proteins and is proposed
to consist of seven β-strands spanning through the membrane
(Pohlmeyer et al., 1998). OEP24 shows no similarity in its pri-
mary structure to mitochondrial and bacterial porins, and does
not show sensitivity to bacterial porin inhibitors (Pohlmeyer et al.,
1998). However, the high amounts of hydrophilic amino acids

(49%) reflect the properties of other pore forming proteins in
bacteria and mitochondria (Röhl et al., 1999).

When reconstituted in proteoliposomes in vitro, the channel is
slightly selective for cations and it is highly conductive. The 2.5-
to 3-nm wide pore is created by at least two OEP24 proteins. This
homodimer facilitates the transport of triose phosphates (TP),
hexose-phosphates, sugars, ATP, phosphates (Pi), dicarboxylates
like 2-oxoglutarate, and charged amino acids (Table 1; Pohlmeyer
et al., 1998). Hence, OEP24 carries the major fluxes across the enve-
lope membrane in the shape of TP, the product of photosynthesis
as well as dicarboxylates and amino acids needed for nitrogen
assimilation. The importance of OEP24 is underlined by its expres-
sion pattern. OEP24 pores exhibit equal distribution in plastids
of all kind and each tissue. Moreover, paralogs can be found in
monocotyledons and in dicotyledons (Pohlmeyer et al., 1998).

The pea protein PsOEP24 can functionally complement a yeast
mutant that lacks the mitochondrial voltage-dependent anion
channel (VDAC). Also, like VDAC proteins, PsOEP24 can induce
apoptosis in cancer cells (Liguori et al., 2010) indicating a role in
programmed cell death for PsOEP24. In both heterologous sys-
tems PsOEP24 is targeted to the mitochondrial outer membrane
(Röhl et al., 1999).

Most information on OEP24 is currently based on PsOEP24.
Two homologs of OEP24 are found in Arabidopsis (Duy et al.,
2007) and proteomic databases suggest that at least three homologs
exist (Sun et al., 2009; Ferro et al., 2010). The AtOEP24 encoded by
At1g45170 was predicted in silico to contain 12 β-strands (Schleiff
et al., 2003a), which may indicate functionality as monomer.
Unpublished data of Timper et al. mentioned in Duy et al.
(2007) describe defects during pollen germination in a so called
AtOEP24.1 mutant. It is hypothesized that this defect is due to
a lipid and energy deprivation during early pollen development

Table 1 |The known solute transport proteins of the outer envelope.

Name

(structure)

Transport Homologs (mentioned

in this review)

Publications

PLASTID OUTER ENVELOPE SOLUTETRANSPORTER

OEP16

(α-helix)

Export of amino acids and

amines

PsOEP16.1, PsOEP16.2 Pohlmeyer et al. (1997), Baldi et al. (1999), Rassow et al. (1999), Steinkamp

et al. (2000), Linke et al. (2004), Reinbothe et al. (2004), Drea et al. (2006),

Duy et al. (2007), Murcha et al. (2007), Philippar et al. (2007), Bräutigam

and Weber (2009), Pudelski et al. (2010)

AtOEP16.1 (At2g28900)

AtOEP16.2 (At4g16160)

AtOEP16.4 (At3g62880)

HvOEP16 (COR TMC-AP3)

ZmOEP16

OEP21

(β-barrel)

Phosphorylated

carboxylates, Pi

PsOEP21 Bolter et al. (1999), Hemmler et al. (2006), Bräutigam et al. (2008)
AtOEP21.1 (At1g20816)

Anion AtOEP21.2 (At1g76405)

Rectifying ZmOEP21

OEP24

(β-barrel)

TP, hexose-phosphates,

sugar, ATP, Pi,

dicarboxylates, charged

amino acids

PsOEP24 Pohlmeyer et al. (1998), Schleiff et al. (2003a), Duy et al. (2007), Sun et al.

(2009), Ferro et al. (2010)Putative AtOEP24

(At3g52230, At5g42960,

At1g45170)

ZmOEP24

OEP37

(β-barrel)

Peptides PsOEP37 Schleiff et al. (2003a), Goetze et al. (2006), Bräutigam et al. (2008)
Cations AtOEP37

Rectifying ZmOEP37
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Table 2 | Parts list of the proteome of the OE.

Name Function Isoforms and homologs

(locus on Arabidopsis

genome)

Publication

PROTEINTRANSLOCON COMPLEX

Toc34 family GTPase, protein import

receptor

AtToc33/PPI1 (At1g02280),

AtToc34/PPI2 (At5g05000),

PsToc34

Jarvis et al. (1998), Chen et al. (2000), Gutensohn et al. (2000), Schleiff

et al. (2003b), Ivanova et al. (2004), Andres et al. (2010), Dhanoa et al.

(2010), Huang et al. (2011)

Toc64 Protein import

co-receptor/co-chaperone

AtToc64-III (At3g17970),

AtToc64-I/Ami1

(At1g08980),

AtToc64-like/OEP61

(At5g21990)

Becker et al. (2004), Aronsson et al. (2007), Qbadou et al. (2007), Bae

et al. (2008), Barsan et al. (2010), Von Loeffelholz et al. (2011)

Toc75 Protein import

translocator pore

AtToc75-III/Mar1

(At3g46740), AtToc75-IV

(At4g09080),

AtToc75-V/AtOEP80

(At5g19620), PsOEP75

Perry and Keegstra (1994), Schnell et al. (1994),Tranel et al. (1995), Hinnah

et al. (1997), Sveshnikova et al. (2000), Jackson-Constan and Keegstra

(2001), Hinnah et al. (2002), Schleiff et al. (2003a), Wallas et al. (2003),

Gentle et al. (2004), Baldwin et al. (2005), Patel et al. (2008)

Toc159 family

(Toc86)

GTPase, protein import

receptor

AtToc159 (At4g02510),

AtToc132/Mar2

(At2g16640), AtToc120

(At3g16620), AtToc90

(At5g20300)

Bauer et al. (2000), Jackson-Constan and Keegstra (2001), Schleiff et al.

(2003b), Hiltbrunner et al. (2004), Ivanova et al. (2004), Kubis et al. (2004),

Stanga et al. (2009), Andres et al. (2010), Huang et al. (2011), Infanger et al.

(2011)

LIPID METABOLISM

LACS9 Long-chain acyl-CoA

synthase

AtLacs9 (At1g77590) Schnurr et al. (2002), Zhao et al. (2010)

DGD Digalactosyldiacylglycerol

(DGDG) synthase

AtDGD1 (At3g11670),

AtDGD2 (At4g00550)

Dörmann et al. (1995), Dörmann et al. (1999), Härtel et al. (2000), Froehlich

et al. (2001a), Kelly and Dörmann (2002), Xu et al. (2003)

MGD Monogalactosyldiacyl

glycerol (MGDG) synthase

AtMGD2 (At5g20410),

AtMGD3 (At2g11810)

Miege et al. (1999), Härtel et al. (2000), Awai et al. (2001)

GGGT/SFR2 Galactolipid:galactolipid

galactosyltransferase

AtGGGT/AtSFR2

(At3g06510)

Heemskerk et al. (1983), Heemskerk et al. (1986), Kelly and Dörmann

(2002), Xu et al. (2003), Thorlby et al. (2004), Fourrier et al. (2008),

Moellering et al. (2010)

PLASTID MOVEMENT AND DIVISION

CHUP1 Anchor protein for plastid

movement

AtCHUP1 (At3g25690) Oikawa et al. (2003), Oikawa et al. (2008), Von Braun and Schleiff (2008),

Kadota et al. (2009), Suetsugu et al. (2010), Whippo et al. (2011)

PDV Plastid division AtPDV1 (At5g53280),

AtPDV2 (At2g16070)

Gao et al. (2003), Miyagishima et al. (2006), Glynn et al. (2008), Glynn

et al. (2009)

CRL1 Unknown; mutant effect

on plastid number and size

AtCRL1 (At5g51020) Asano et al. (2004), Chen et al. (2009)

MOLECULAR AND BIOCHEMICALTOOLS OF UNKNOWN FUNCTION

OEP7 Unknown AtOEP7 (At3g52420),

PsOEP14, SoOEP7 (E6.7)

Salomon et al. (1990), Li et al. (1991), Tu and Li (2000), Lee et al. (2001),

Dyall et al. (2004), Bae et al. (2008), Oikawa et al. (2008), Kim et al. (2011)

OEP9 Unknown OEP9.1 (At1g16000),

Putative homolog OEP9.2

(At1g80890)

Dhanoa et al. (2010)

OTHERS

PTM Plant homeodomain

transcription factor with

transmembrane domains

PTM (At5g35210) Sun et al. (2011)

HPL Hydroxide lyase AtHPL/AtCYP74B

(At4g15440), LeHPL,

StHPL

Blee and Joyard (1996), Froehlich et al. (2001b), Vancanneyt et al. (2001),

Shiojiri et al. (2006), Kishimoto et al. (2008)

KO ent -kaurene oxidase/

gibberellin synthesis

AtKO1/GA3 (At5g25900) Helliwell et al. (2001)

(Continued)
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Table 2 | Continued

Name Function Isoforms and homologs

(locus on Arabidopsis

genome)

Publication

OMP24 Unknown; outer

membrane protein of

spinach chloroplasts

SoOMP24 Fischer et al. (1994)

WBC7 Unknown; transport of

hydrophobic compounds

AtWBC7 (At2g01320) Schleiff et al. (2003a), Zybailov et al. (2008)

OEP6 Unknown AtOEP6 (At3g3160) Ferro et al. (2010)

Putative OE

proteins in PPDB

database

Unknown OMP85-family proteins of

35 kDA (At3g48620) and

39 kDa (At3g44160)

Sun et al. (2009)

Putative GTPase of 15kDa

(At4g02482)

Putative p-loop containing

nucleoside triphosphate

hydrolase 100 kDa

(At4g15810)

This list contains the proteins discussed in this review with residence in the outer plastid envelope except proteins already listed inTable 1.

(Duy et al., 2007). In contrast, the expression of another homolog
(AtOEP24.2) is upregulated during late seed development (Duy
et al., 2007). At least the findings for AtOEP24.1 indicate that
the more selective transport pores of the OE (see below) can-
not compensate for the loss of OEP24. The question remains
whether, and if so how, OEP24 controls the metabolic flux. Pro-
teomics data indicates that protein abundance in different plastids
subtypes does reflect flux (Bräutigam et al., 2008; Bräutigam
and Weber, 2009; Bräutigam and Weber, 2011). For example,
OEP24 is more abundant in maize mesophyll chloroplasts com-
pared to pea chloroplasts. Since the required flux of TP is at
least three times higher in maize mesophyll chloroplasts com-
pared to pea chloroplasts (Bräutigam et al., 2008; Weber and Von
Caemmerer, 2010; Bräutigam and Weber, 2011), the increased
abundance of OEP24 in maize indicates that an outer enve-
lope porin might be limiting metabolite flux (Bräutigam et al.,
2008). Studies with altered levels of AtOEP24 either by knock-
outs or knock-downs may shed light on the flux control by
OEP24.

OEP16
The first described and best-investigated outer envelope solute
channel is OEP16. Like OEP24, OEP16 lacks sequence and struc-
tural homology to known porins, which classifies it as a non-
classical porin (Pohlmeyer et al., 1997). The OEP16 channel is
slightly cation selective and is a high-conductance solute channel
(Pohlmeyer et al., 1997) that selectively transports amino acids
and amines. Although the pore is principally large enough, OEP16
excludes carbonates such as TP or sugars (Table 1; Pohlmeyer et al.,
1997).

The structure of OEP16 was controversially discussed. It was
assumed to consist of four β-sheets and three alpha-helices
(Pohlmeyer et al., 1997). Based on other porin structures and the
transport properties of the channel, it was concluded, that the

protein is a β-barrel forming pore (Steinkamp et al., 2000). How-
ever, structural analysis and enhanced prediction algorithms later
revealed a purely alpha-helical structure (Linke et al., 2004). These
findings were supported by the sequence similarity of OEP16 to
other alpha-helical transport proteins. The similarity to members
of the mitochondrial protein translocon family of the inner mem-
brane (TIM proteins), and to the bacterial amino acid permease
LivH led to the classification of OEP16 as preprotein and amino
acid transporter (PRAT) relatives (Rassow et al., 1999; Murcha
et al., 2007; Pudelski et al., 2010). The similarity to preprotein
transporters was also the cause for one group claiming OEP16 to be
a protein importer. This claim was recently conclusively disproved
(summarized in Pudelski et al., 2010).

The high selectivity for amino acids is achieved via a loop
between the pore forming helix1 and helix2 (Linke et al., 2004).
Whether this loop is facing the intermembrane space (IMS) or the
cytosol is not known (Linke et al., 2004). The model described by
Pudelski et al. (2010) puts the loop into the IMS (Pudelski et al.,
2010). The location of the regulatory element to the IMS points
to a function of OEP16 as amino acid exporter. In addition to
this transport regulation, the channel is also redox-regulated by
cysteine residues in the first helix (Steinkamp et al., 2000)

Recently a second homolog of PsOEP16 was found and named
PsOEP16.2 (Pudelski et al., 2010). Yet, Arabidopsis contains three
homologs of OEP16 (Philippar et al., 2007). The protein most
similar to PsOEP16.1 is AtOEP16.1 (63%), also called AtOEP16-
L (Drea et al., 2006), due to its highest expression levels in
leaves. AtOEP16.2/AtOEP16-S is exclusively expressed in mature
seeds, cotyledons, and early pollen stages (Drea et al., 2006;
Philippar et al., 2007). It contains additional amino acids in the
loop responsible for substrate selectivity of the channel (Drea
et al., 2006; Philippar et al., 2007). AtOEP16.2 is hypothesized
to be involved in seed development, dormancy, and/or desiccation
tolerance. Binding elements of the phytohormone abcisic acid in
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the promoter region of AtOEP16.2 support this hypothesis (Drea
et al., 2006).

A third homolog, AtOEP16.4, with a similarity of 20% to
PsOEP16 is expressed at low levels throughout all stages of devel-
opment. It shows higher expression during seed maturation and
in pollen, indicating a function as backup for AtOEP16.2 (Pudel-
ski et al., 2010). PsOEP16 also shares slight similarity (comparable
with the similarity to AtOEP16.4) to another PRAT protein earlier
described as the third homolog of AtOEP16, AtOEP16.3 (Rein-
bothe et al., 2004; Drea et al., 2006). This protein is localized to
the mitochondrial outer membrane and is now labeled PRAT3
(Murcha et al., 2007; Philippar et al., 2007).

A cold regulated protein (COR) TMC-AP3 in barley (Hordeum
vulgaris) is also a paralog of OEP16. It was investigated due to
its upregulation during cold stress (Baldi et al., 1999). The role
in cold acclimation of OEP16 is supported by a recent study on
Arabidopsis (Kaplan et al., 2007). Here, increased levels of amino
acids were found during cold stress. This indicates that the amino
acids are needed as signal substance in cold acclimation and points
on OEP16 as necessary transporter in this process. Proteomics
also indicates that the OEP16 content is dynamically adjusted
between plastid types. Proplastids contain large amounts of OEP16
reflecting the active amino acid synthesis during differentiation
(Bräutigam and Weber, 2009).

OEP37
The most recently described member of the transmembrane chan-
nels for solutes in the OE is PsOEP37 and its Arabidopsis paralog
AtOEP37. It was found in a combined in silico and proteomics
study on β-barrel proteins in the OE of pea and Arabidopsis
(Schleiff et al., 2003a). Its functional characterization revealed a
rectifying, cation selective, high-conductance channel, selective for
peptides. It is hypothesized to form a β-barrel with 12 β-strands
(Schleiff et al., 2003a). It forms an hourglass shaped pore with a
size of 3 nm narrowing to 1.5 nm in the restriction zone (Goetze
et al., 2006). A long negatively charged loop responsible for the
selectivity is facing the IMS and is regulated by the pH values of
the surrounding area (Schleiff et al., 2003a; Goetze et al., 2006).
OEP37 is likely regulated by the redox state of the environment
due to the oxidation of two neighboring cysteine residues similar
to OEP16.

Its expression levels are fairly low but it is ubiquitously dis-
tributed in all developmental stages and organs in Arabidopsis. It
was observed that during germination the mRNA levels increased
indicating a role during early plant development (Goetze et al.,
2006).

OEP37 displays binding affinity to the precursor of the inner
envelope translocon compound 32 (Tic32), which is imported
non-canonically (Nada and Soll, 2004). Consequently, it was
assumed to be transported by OEP37 (Goetze et al., 2006). How-
ever, reverse genetic analysis of AtOEP37 disproved this hypoth-
esis, since AtOEP37 knock out plants were not lethal while Tic32
mutants are. In addition, the transport of Tic32 into the IE was
not impaired in the oep37-1 knock out plants (Goetze et al., 2006).

The in vivo role of OEP37 in plants is unknown. The Arabidop-
sis oep37-1 mutant has no obvious phenotype although OEP37 is
a single copy gene albeit expressed at low levels. OEP37 function

may overlap with or is partially redundant in function with OEP16
and/or OEP24. High expression levels during early seedling ger-
mination and late embryogenesis indicate a function in early
development of the plant (Goetze et al., 2006). It may also become
important during stress conditions where higher metabolite fluxes
are needed. Similar to OEP24,chloroplast envelopes of the C4 plant
maize contain a higher amount of OEP37, which might reflect the
higher metabolite flux across this membrane (Bräutigam et al.,
2008).

OEP21
The fourth solute pore protein of the OE is OEP21 (Pohlmeyer
et al., 1998). Like for the other three OEPs, OEP21 is distributed
through all plastid types in varying abundance (Bräutigam et al.,
2008). Also, OEP21 is present in both mono- and dicotyledons
(Pohlmeyer et al., 1998). It is a rectifying, anion selective channel
for phosphorylated carbohydrates and TP (Table 1; Bolter et al.,
1999). Like OEP24 and OEP37, OEP21 is a β-barrel forming pro-
tein. Its secondary structure displays eight β-strands but just seven
are hypothesized to be pore forming. Since this seven β-strands are
not enough to form a fully hourglass shaped 2.4 nm pore, OEP21
was proposed to acts at least as dimer. The N- and C-terminus
of the protein face the cytosol (Hemmler et al., 2006). The trans-
port through OEP21 is regulated by a substrate gradient and most
likely exports TP and phosphorylated carbohydrates during light
periods in green tissue. In contrast, import of these compounds
would occur during darkness and in non-green tissue (Bolter et al.,
1999). Additional regulation OEP21 obtains by two highly affine
ATP binding sites (Bolter et al., 1999). The internal ATP bind-
ing site is proposed to provide major regulation by blocking the
channel. The IMS orientated FX4K motive only provides regula-
tory function in transport processes, and is 100-fold less affine to
ATP. The competitive binding of substrates like TP is initiating the
release of ATP from the internal ATP binding side. This leads to
the opening of the pore and to reduction of the anion selectivity
(Bolter et al., 1999; Hemmler et al., 2006). One of the two Ara-
bidopsis OEP21 homologs, AtOEP21.1, lacks the FX4K motive and
has a 50% reduced ability for modulating the ion selectivity of the
channel (Hemmler et al., 2006).

In summary, the import and export of cations (e.g., potas-
sium, calcium, iron), anions (e.g., nitrite, sulfate, phosphate), and
metabolites across the OE is driven by the set of known solute
channels OEP16,OEP21,OEP24,and OEP37. Their ability to shut-
tle photosynthetic products, amino acids, and nitrogen assimilates
likely accounts for the bulk of the metabolic exchange between
plastid and cytosol. However, the high and low specificity channel
proteins are most likely not the only metabolic shuttling systems
of the OE.

PUTATIVE METABOLITE SHUTTLES AND OE PROTEINS OF
UNKNOWN FUNCTION
THE ABC TRANSPORTER OF UNKNOWN TRANSPORT FUNCTION WBC7
An ABC transporter of unknown function, white–brown-complex
protein 7 (WBC7), was localized to the outer envelope of pea
chloroplasts (Schleiff et al., 2003a) and to Arabidopsis chloroplast
envelope fractions (Zybailov et al., 2008; Ferro et al., 2010; Joyard
et al., 2010) by proteomics. AtWBC7 is a member of the G family
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of ABC transporters with a single ABC cassette and six trans-
membrane domains (TMD). The G family contains half size ABC
transporters, which form homo- or heterodimers (Kusuhara and
Sugiyama, 2007). Two proteins of this family have been investi-
gated in Arabidopsis. AtWBC11 and AtWBC12 reside in the PM
and are involved in the export of cuticular lipids in epidermal cells
(Mcfarlane et al., 2010). No experimental evidence is available
on the function of AtWBC7 although it is tempting to speculate
about a role in transport of hydrophobic or partially hydrophobic
substances (Figure 2J).

THE PUTATIVE PORPHYRIN SCAVENGER OR TRANSPORTER TSPO
TSPO is at most a temporary resident in the OE of plastids
(Balsemao-Pires et al., 2011). Expression in Arabidopsis thaliana
is induced by salt stress (Balsemao-Pires et al., 2011) or ABA
treatment (Vanhee et al., 2011). A Physcomitrella TSPO mutant
is hypersensitive to oxidative stress (Frank et al., 2007). The pro-
tein is conserved throughout eukaryotes including yeast (Vanhee
et al., 2011) in which it is degraded by autophagy upon heme bind-
ing. AtTSPO co-localizes with autophagy markers (Vanhee et al.,
2011). AtTSPO is a membrane protein, which has been localized to
the ER and Golgi (Balsemao-Pires et al., 2011; Vanhee et al., 2011)
and to the outer envelope of plastids (Balsemao-Pires et al., 2011)
where it only appears after salt treatment. The precise function
of TSPO is unknown but it is targeted for autophagy after treat-
ments which presumably increase free porphyrins (Guillaumot
et al., 2009; Vanhee et al., 2011). TSPO is hypothesized to protect
plant cells against oxidative stress by binding and thus detoxifying
free porphyrins (Figure 2F; Vanhee et al., 2011).

TRANSPORT OF GIBBERELLIN PRECURSORS FROM THE PLASTID
Gibberellins are produced from geranyl–geranyl-diphosphate gen-
erated by the isoprenoid pathway in plastids. The first two biosyn-
thetic enzymes, copalyl diphosphate synthase and ent -kaurene
synthase, are soluble stromal proteins (Helliwell et al., 2001). They
produce a lipophilic intermediate, ent -kaurene, which likely par-
titions to the membranes (Helliwell et al., 2001). The next step,
the production of the less lipophilic intermediate ent -kaurenoic
acid, occurs at the outer envelope of the plastid since ent -kaurene
oxidase localizes to the OE of the plastids judged by GFP fusion
proteins and in vitro import assays (Helliwell et al., 2001). Whether
passage through the IMS requires a dedicated transporter or occurs
in conjunction with lipid transfer or spontaneously has not been
addressed. Further oxidation of ent -kaurenoic acid occurs in the
ER (Figure 2G).

The transfer of the gibberellin precursor presents a model by
which lipophilic plastid produced precursors may cross the enve-
lope membranes to their destination in the cytosol without the
need of dedicated transporters.

UNUSUAL PROTEIN OF UNKNOWN FUNCTION
In 1994 a small OE protein from spinach chloroplasts was cloned
and biochemically investigated (Fischer et al., 1994). While its cal-
culated weight is approximately 16 kDa, its abnormal amino acid
composition led to an apparent molecular weight of approximately
24 kDa on SDS gel for which the protein was named OMP24. The
insertion of OMP24 into the membrane is independent of surface

receptors and target peptides. ATP has been shown to stimulate the
insertion of the protein into the membrane (Fischer et al., 1994).
The function of this integral protein is unknown.

THE ROLE OF THE OUTER ENVELOPE IN LIPID SYNTHESIS
Unlike small hydrophilic compounds, fatty acids or lipids cannot
easily be transported through the aqueous phase. Yet the interplay
between the plastid and the cytosol, especially the ER is extensive.

TRANSPORT OF FATTY ACIDS
Fatty acids are amphipatic: a small hydrophilic head group caps a
highly hydrophobic long hydrocarbon tail. Several studies revealed
that from 62% (Arabidopsis green tissue, represents “16:3”-plants)
up to 90% (non-green tissue and green tissue of “18:3”-plants, see
below) of fatty acids are exported from the plastid and transferred
to the ER. The major and likely only transport direction is from
plastids to the remainder of the cell (Browse et al., 1986, 1993;
Somerville and Browse, 1991). The transport of these metabolites
across two envelopes has not yet been resolved. However, long-
chain-fatty-acid-Coenzyme-A synthetases (LACSs) are expected
to play a prominent role in this process since they can catalyze
a vectorial reaction in bacteria (Benning, 2009). Nine isoforms of
this protein family are distributed to all sub cellular compartments
of in Arabidopsis and can be found in peroxisomes, mitochon-
dria, and the plastid (Schnurr et al., 2002; Shockey et al., 2002).
Already in the late 1970s LACS activity in spinach chloroplast was
shown to localize to the outer envelope membrane (Roughan and
Slack, 1977). More than 20 years later, AtLACS9 was located to the
envelope membranes by proteomics (Sun et al., 2009; Ferro et al.,
2010; Joyard et al., 2010) and is most likely located to the OE (com-
pare Koo et al., 2004; Sun et al., 2009). AtLACS9 is the only known
exclusively plastid localized LACS and catalyzes 90% of the acety-
lation reactions. Its V max is higher than needed for complete fatty
acid export. However, a knockout mutant shows no apparent phe-
notype (Schnurr et al., 2002). Possibly, the ER localized AtLACS1
can take over at least part of its function at least in triacylglyc-
erol (TAG) biosynthesis (Zhao et al., 2010), which would require
very close contact between the OE and the ER. Proteomics studies
suggest three additional proteins with LACS activity in the plastid
envelopes, AAE15 and AAE15-like as well as AtLACS8 of which the
majority is localized to the ER or peroxisomes (Koo et al., 2004;
Ferro et al., 2010; Joyard et al., 2010).

Fatty acid transport via LACS through the OE still leaves the
inner envelope to be crossed. Extrapolating from the function of
a known fatty acid transporter, peroxisome ABC transporter 1
(PXA1), which is localized to the peroxisomal membrane, the fol-
lowing model is proposed: The inner envelope contains an ABC
transporter of the same class as PXA1, transporter associated
with antigen processing protein 1 (TAP1), which has been con-
sistently detected in all envelope proteome projects to date (Koo
and Ohlrogge, 2002; Garcia et al., 2004; Sugiyama et al., 2006;
Bräutigam et al., 2008; Bräutigam and Weber, 2009; Kunz et al.,
2009; Ferro et al., 2010; Joyard et al., 2010) and whose function is
unknown.

TAP1 or possibly another ABC transporter transports ester-
ified fatty acids across the inner envelope where they are taken
over by LACS9 and de-esterified in the process of transport out of
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FIGURE 2 | Continued

FIGURE 2 | Continued

Processes in the outer plastid envelope. (A) Galactosyl diacylglycerol
biosynthesis under normal growth conditions. MGD1 produces MGDG from
DAG. MGDG is either used in plastid membranes or is further processed by
the OE resident DGD1 to produce DGDG for plastidic membrane use. Gray
arrows label transport processes. (B) DGDG production under phosphate
deprivation occurs via the OE resident MGD2/3 and DGD2. DGDG is
transported to non-plastidic membranes, such as the tonoplast,
mitochondrial membranes, and plasma membrane, possibly via the ER. Red
arrows label transport processes. (C) GGGT produces TGDG and TeGDG
during freezing stress to provide dehydration by thickening hydrophilic parts
of the membrane. This process is labeled by blue arrows. (D) TGD1–3
complex disrupts the OE to mediate lipid exchange from ER to the IE. ER
resident TGD4 may provide membrane lipid precursors directly to the OE.
This process most likely involves further proteins in the OE and/or IE. (E)

Free fatty acids are processed by LACS proteins resident in the OE and may
IE. An ABC transporter Tap1 putatively involved in esterified fatty acids
(CoA-FA) mediates the transport through the IE. At the OE LACS9 takes
over the CoA-FA and de-esterifies these during transport across the OE. ER
resident LACS further process FA. An alternative pathway involves putative
IE resident proteins with LACS activity (AAE15). (F) Transfer of TPSO during
salt and osmotic stress from ER to OE. (G) Transfer of ent -kauren across
the OE during oxidation to ent -kaurenoic acid by OE resident ent -kauren
oxidase. (H) OE resident HPL is integrated into pathogen defense via C6

aldehyde production when wounding occurs. (I) OE resident THF1 interacts
with plasma membrane (PM) resident GPA1 in sugar signaling. Stromule
bridge the process. (J) The G family ABC transporter WBC7 mediate
transport of unknown compounds through the OE.

the plastid. The free fatty acid is immediately bound by different
LACS localized to one of the extraplastidial compartments and
esterified again. This modus operandi would limit the exposure of
the plastid to free fatty acids, which can act as detergents (Shine
et al., 1976; Koo and Ohlrogge, 2002; Koo et al., 2004). However, it
requires physically close association of the plastid to the ER to pre-
vent the escape of free fatty acids. 18O labeling indeed showed that
the transport involves a free fatty acid stage (Pollard and Ohlrogge,
1999). The reverse pathway of transport is impossible in this model
since the ABC transporter is not reversible (Higgins, 1992). Alter-
natively, if an IE transporter transports free fatty acids, AtLACS9
could transfer the fatty acid by esterification thus leading to the
release of CoA-fatty acid esters to the cytosol. Fatty acids are incor-
porated into lipids in chloroplasts and the ER (Figure 2E; compare
Koo et al., 2004).

OXYLIPIN SYNTHESIS AT THE OE
Oxylipins have prominent roles in plant development and
pathogen defense. They are produced from alpha linoleic
acid liberated from lipids of the chloroplast. At least one
branch of oxylipin synthesis can involve the OE, since the
OE localized hydroperoxide lyase (HPL) catalyzes the first
step toward C12 omega-keto-fatty acid and C6 aldehydes (Blee
and Joyard, 1996; Froehlich et al., 2001b). The C12 omega-
keto-fatty acid is the precursor for traumatin while the C6

aldehydes are directly involved in pathogen defense (summa-
rized in Howe and Schilmiller, 2002; Arimura et al., 2009).
It has been shown, that during fungal attack AtHPL expres-
sion is upregulated and leads to an increase of C6 aldehyde
concentration at wound sites (Shiojiri et al., 2006). Defense
against the pathogen is directly provided by the toxicity of the
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HPL metabolized compound (Figure 2H; Kishimoto et al., 2008).
Studies on potato HPL also suggest a role for HPL in
defense against sucking insects. However, the potato isoforms
of the HPL are not localized to the OE (Vancanneyt et al.,
2001).

GALACTOGLYCEROLIPID SYNTHESIS IN PLANTS
Galactoglycerolipids (GGL) are essential to photosynthetic func-
tion (Reifarth et al., 1997; Guo et al., 2005; Hölzl et al., 2006) but
can be found throughout the cell depending on the environmental
conditions (Härtel et al., 2000; Kelly and Dörmann, 2002). They
represent the main membrane lipids in green tissue of land plants
and are in majority localized to the thylakoids. Each GGL carries
two fatty acids in the sn-1 and sn-2 position which show where the
precursor came from before the head groups were attached at the
envelopes. Lipid backbones produced by the eukaryotic pathway
carry 18:3 fatty acids at positions sn-1 and sn-2 (Browse et al.,
1986). In contrast, lipid backbones produced in the plastid carry a
16:3 fatty acid at position sn-2 (Browse et al., 1986).

In the green algae Chlamydomonas reinhardtii the precursors of
GGL biosynthesis are exclusively provided by the chloroplast itself
since only the sn-2 position carries a 16:3 fatty acid (Giroud et al.,
1988). Plants like spinach and Arabidopsis belong to the group of
“16:3”-plants. In 16:3 plants the use of ER derived and plastid-
derived precursors in GGL biosynthesis is about equal (Browse
et al., 1986). Plants like pea use only ER derived precursors for
GGL production (Heemskerk et al., 1990) and are called 18:3
plants. It has been shown that “16:3”-plants can be forced to use
only ER derived precursors. The knock out of the major enzyme
in the prokaryotic diacylglycerol (DAG) production, the plastidic
glycerol-3-phosphate acyltransferase (ACT1) leads to a complete
shift to ER derived precursor use in Arabidopsis (Kunst et al., 1988).
In summary, in all land plants, a high volume of traffic is necessary
to supply between 50 and 100% of lipid precursors for GGL syn-
thesis, which is envelope bound, from the ER. The major GGLs are
monogalactosyldiacylglycerol (MGDG), synthesized at the IE in
Arabidopsis and digalactosyldiacylglycerol (DGDG), synthesized
at the OE. MGDG and DGDG represent approximately 50 and
20% of the plastidic membrane lipids, respectively (Block et al.,
1983).

The production of MGDG in Arabidopsis is mainly processed by
the inner membrane bound protein MGDG synthase 1 (AtMGD1;
Figure 2A; Marechal et al., 1994; Jarvis et al., 2000). In pea, the
MGD activity is divided equally between the IE and the OE (Cline
and Keegstra, 1983; Tietje and Heinz, 1998). This distribution pos-
sibly reflects the precursor supply by only the eukaryotic pathway
in the ER. Consistent with these findings, OE membranes do con-
tain additional enzymes with MGD activity in Arabidopsis and also
soybean and corn. They are classified as type B MGDs, whereas
the major MGDs like AtMGD1 and its paralogs are classified as
type A proteins (Miege et al., 1999). Arabidopsis contains two
type B MGDs, AtMGD2 and AtMGD3 (Figures 2A,B). Compared
to MGD1, these enzymes show higher selectivity for eukaryotic
pathway derived DAG. In photosynthetic active tissue they are
underrepresented compared to AtMGD1, while non-green tissues
display equal expression patterns for all three MGDs (Awai et al.,
2001). These findings are consistent with the importance of type

A MGDs for thylakoid lipid assembly. Knock down mutants of
AtMGD1 show that the type B MGDs cannot compensate the
complete loss of the type A enzyme (Jarvis et al., 2000).

In contrast to MGDG, DGDG is exclusively synthesized at the
OE. The predominant enzyme in DGDG biosynthesis is the OE
bound DGDG synthase 1 (AtDGD1; Figure 2A; Froehlich et al.,
2001a). This enzyme drives the UDP-galactose dependent glyco-
sylation of MGDG and produces αβDGDG. Knock out mutant
analysis in Arabidopsis revealed that AtDGD1 catalyzes 90% of
DGDG biosynthesis (Dörmann et al., 1999). The massive decrease
in DGDG in mutant plants lead to a strong morphological and
developmental defect, which reflects the deficiency in the pho-
tosynthetic apparatus (Dörmann et al., 1995). DGD activity in
Arabidopsis is also not limited to one enzyme. AtDGD2 is an
UDP-galactose dependent galactosyl transferase. It localizes to the
OE and similar to alternative MGDs, AtDGD2 also shows far less
activity and also lower expression levels than the major enzyme
(Figure 2B; Dörmann et al., 1995; Härtel et al., 2000; Kelly and
Dörmann, 2002). AtDGD2 can produce trigalactosyldiacylglyc-
erol (TGDG) in vitro (Kelly and Dörmann, 2002), but there is no
evidence for the production of TGDG by AtDGD2 in vivo.

An additional enzyme involved in GGL biosynthesis and local-
ized to the OE is the galactolipid:galactolipid galactosyltransferase
(GGGT) which uses MGDG as the galactosyl donor (Heemskerk
et al., 1983, 1986). Its activity was already described in the 1970s
when galactosyltransferase activity was analyzed in spinach (Van
Besouw and Wintermans, 1978). GGGT catalyzes the synthesis
of TGDG or even tetragalactosyldiacylglycerols (TeGDG), while
DAG is released (Benning and Ohta, 2005). All galactosyl groups
in GGGT produced GGLs are in β-configuration, while DGDs
produce DGDGs with alpha-configuration in the second position
(Kelly and Dörmann, 2002; Xu et al., 2003). GGGT is equiva-
lent to sensitive to freezing 2 (SFR2; Moellering et al., 2010), a
mutant identified earlier as freezing sensitive (Thorlby et al., 2004;
Fourrier et al., 2008). Freezing damage is represented by rupture
and fusion of membrane bilayers and non-bilayer structures can
provide stability to lamellar membrane structures. The change in
the membrane lipid composition affected by oligo GGLs leads to
the formation of hexagonal-II-type structures at least in the OE,
creating a non-bilayer shape of the membrane. Oligo GGLs medi-
ate protection against the dehydration effect by providing a higher
thickness of the hydrophilic part of the OE (Figure 2C; Moellering
et al., 2010).

TRANSPORT OF LIPID PRECURSORS FROM THE ER TO THE PLASTID
Massive lipid traffic occurs between the chloroplast and the ER.
Precursors for the galactolipid biosynthesis have to be transported
from the ER to the plastid and therefore through the envelopes. The
magnitude of lipid flux is increased in “18:3”-plants. While lipid
transfer is only partially understood, some proteins involved in ER
to plastid transfer have been investigated in detail (summarized in
Benning, 2009).

At least four proteins are involved in the transfer of lipids
between ER and chloroplast. They are named after the unusual
abundance of TGDG in mutant lines, and are called TGD1, 2,
3, and 4 (Xu et al., 2003). TGD1–3 likely form a high molecular
weight complex and reside in the IE. While TGD1 is assumed to
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channel the lipid, TGD3 was demonstrated to be the ATP hydrolyz-
ing component in the super complex, providing the energy for this
process (Lu et al., 2007). TGD2 is hypothesized to be anchored in
the IE and interact via its C-terminus with the OE. TGD2 is pos-
tulated to disrupt or destabilize the OE to form a conduit for lipid
transport from the outer envelope across the IMS (Roston et al.,
2011). TGD2’s binding affinity to phosphatidic acid (PA) lead to
the assumption, that the TGD1–2–3-complex drives the transport
of PA from the OE to the IE where it is dephosphorylated to DAG
(Figure 2D; Awai et al., 2006; Benning, 2009; Lu and Benning,
2009).

A fourth protein in the lipid shuffling process is TGD4. TGD4
is located to the ER and/or the OE and is assumed to transfer
eukaryotic lipid precursors to the plastid together with the TGD1–
3 machinery (Xu et al., 2008; Benning, 2009). TGD mutants show
that TGD proteins are exclusively involved in the lipid transport to
the chloroplast (Xu et al., 2010). It is currently not known which, if
any, proteins act between the TDG1–3 complex and TGD4 (Ben-
ning, 2009). However, the TGD mutant screens include two more
complementation groups with the potential to fill the remaining
gaps (Figure 2D; Xu et al., 2003).

TRANSPORT OF LIPIDS FROM THE PLASTID TO THE ER
During phosphate deprivation plant cells reclaim phosphate from
phospholipids. Phospholipids in the PM (Andersson et al., 2003,
2005), mitochondrial membranes (Jouhet et al., 2004), and the
tonoplast (Andersson et al., 2005) are replaced by GGLs. Under
such stress conditions the underrepresented isoforms AtMGD2,
AtMGD3, and AtDGD2, all localized to the outer envelope, are
highly expressed. The main surrogate for phospholipids during
phosphate deprivation is DGDG that can represent more than 30%
of extraplastidial membrane lipids in Arabidopsis. The DGDG pro-
duced during phosphate limitation is independent of DGD1 since
DGD1 knock out plants increase their DGDG content under phos-
phate starvation (Härtel et al., 2000). These enzymes preferably
use precursors of the eukaryotic pathway to provide extraplastidic
DGDG. It is currently not known how GGLs produced in the outer
envelope reach their destination membranes during phosphate
starvation. Although the envelopes can form vesicles toward the
stroma (Hatta et al., 1973) as well as to the IMS (Park et al., 1999),
no vesicular transfer directed from the plastid to the cytosol has
been demonstrated. Possibly, the transport is driven by extensive
formation of contact sides by the plastid and the ER (Figure 2B).

PROTEIN TURNOVER ACROSS AND INTO THE OUTER
ENVELOPE
PROTEIN IMPORT THROUGH THE ENVELOPES
The massive gene transfer from the cyanobacterial endosymbiont
to the host nucleus necessitated a protein distribution system for
the chloroplast. Most chloroplast-bound preproteins in the cytosol
contain an N-terminal amino acid sequence, a transit peptide, to
address it for import into the chloroplast through the TIC/TOC
Complex (Bionda et al., 2010). This complex is abundant in
chloroplasts as well as in non-green plastids, such as proplastids
(Bräutigam and Weber, 2009) and etioplasts (Von Zychlinski et al.,
2005; Reiland et al., 2011). We briefly summarize the knowledge
about import with special focus on the outer envelope. The reader

is referred to several excellent recent reviews for more details (Soll
and Schleiff, 2004; Inaba and Schnell, 2008; Andres et al., 2010;
Schwenkert et al., 2010)

The first recognition of the preprotein occurs by cytosolic
chaperones HSP90 and HSP70 as well as by 14-3-3-proteins
(Schwenkert et al., 2010). These proteins facilitate the transfer of
the preproteins to the different receptors in the OE, proteins of
the Toc159- and Toc34-family (Gutensohn et al., 2000; Ivanova
et al., 2004). In Arabidopsis the Toc159 family (earlier known as
Toc86-family) consists of four known members in Arabidopsis,
AtToc90, AtToc120, AtToc132, and AtToc159, named by their dif-
ferent molecular weight. This difference is due to variation in the
length of the acidic domain, while they share high sequence simi-
larity in the GTPase-domain and the membrane binding domain
(Bauer et al., 2000; Jackson-Constan and Keegstra, 2001; Hiltbrun-
ner et al., 2004; Agne et al., 2010). Since Toc90 can only partially
restore the Arabidopsis mutant ppi2, a plant deficient in AtToc159,
it can be assumed that the different acidic domains of the proteins
lead to specialization of the receptors (Bauer et al., 2000; Hiltbrun-
ner et al., 2004; Ivanova et al., 2004; Kubis et al., 2004; Agne et al.,
2010; Infanger et al., 2011).

The smaller GTPases AtToc33 and AtToc34 represent the Toc34-
family in Arabidopsis (Jarvis et al., 1998; Chen et al., 2000;
Gutensohn et al., 2000). The receptors also partially provide the
energy for the protein translocation process by GTP hydrolysis
(Figure 3B; Schleiff et al., 2003b; Andres et al., 2010). AtToc159
and AtToc33 facilitate the transport of proteins involved in pho-
tosynthesis related processes while AtToc120 and AtToc132 are

FIGURE 3 | Protein transfer through and into the outer envelope (OE).

(A) Akr2a pathway for the insertion of OE proteins into the membrane,
enhanced by HSP17.8; (B) Toc Complex mediated protein translocation via
Toc75 and GTPase receptor proteins of the Toc159- and Toc34- family.
Translocation is supported by cytosolic HSPs and transmembrane
co-chaperones and co-receptors Toc64/OEP61; (C) Non-canonical protein
translocation through the OE. Pathways are unclear and diverse. Protein
internal signals might support the translocation; (D) Transfer of proteins
through the OE via vesicle fusion. Complete proteins are synthesized in the
cytosol, transferred to the ER and transported to the OE via vesicle
transport; The transport from the inter membrane space (IMS) into the inner
Envelope (IE) or stroma is mainly processed by the translocon complex of
the IE (TIC) but other mechanisms have been postulated, too.

Frontiers in Plant Science | Plant Physiology December 2011 | Volume 2 | Article 97 | 99

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Breuers et al. Plastid outer envelope

more associated to Toc34 and seem to process house-keeping pro-
teins (Ivanova et al., 2004; Huang et al., 2011). These roles are
supported by proteomic comparisons between proplastids and
chloroplasts, since AtToc120 and AtToc132 can be identified from
proplastids but not chloroplasts (Bräutigam and Weber, 2009).
AtToc159 can be identified from plastids, etioplasts, and chloro-
plasts (Von Zychlinski et al., 2005; Bräutigam and Weber, 2009;
Reiland et al., 2011). Receptors of the TOC complex have not
been identified from chromoplasts (Siddique et al., 2006; Barsan
et al., 2010), which may either reflect their absence or technical
limitations.

In addition to their function in protein translocation, some
Toc components display also other less investigated features. For
example, AtToc159 has binding affinity to actin filaments in vitro
(Jouhet and Gray, 2009). The import receptor for house-keeping
proteins, AtToc132, and the pore AtToc75-III are involved in root
gravitropism (Stanga et al., 2009). Mutations in AtToc132 or in
AtToc75-III, called mar2 (modifier of arg 1 2) and mar1, modu-
late the gravitropism defects in altered response to gravity 1 (arg 1)
mutants. The modulation is not dependent on defects in starch
orientation. Since the mutants do not show defects in gravitro-
pism on their own, the molecular connection between the import
complex components and gravitropism remains unresolved.

The channel protein AtToc75-III facilitates actual transport of
the preprotein across the membrane (Perry and Keegstra, 1994;
Schnell et al., 1994; Tranel et al., 1995; Hinnah et al., 1997, 2002;
Sveshnikova et al., 2000; Jackson-Constan and Keegstra, 2001). As
a member of the Omp85-family it contains a N-terminal POTRA
(polypeptide-transport-associated) domain. The 16–18 in silico
predicted β-strands at the C-terminus form the β-barrel domain,
the pore (Sveshnikova et al., 2000; Hinnah et al., 2002; Schleiff
et al., 2003a; Gentle et al., 2004; Baldwin et al., 2005). It has been
shown, that AtToc75-III is not selective for a specific form of pro-
tein precursors (Baldwin et al., 2005) and this protein can be found
in all plastid types investigated by proteomics (e.g., Bräutigam and
Weber, 2009; Barsan et al., 2010; Reiland et al., 2011). A protein
similar to AtToc75-III, AtToc75-V/OEP80, is required for accu-
mulation of AtToc75-III in the membrane (Wallas et al., 2003).
AtToc75-III in turn is required for the TOC-receptor compounds
(Wallas et al., 2003).

Several proteins are reportedly associated with the import com-
plex, however their precise function remains elusive. Toc64 and
AtOEP61 likely interact with cytosolic chaperones and function
as co-chaperone and co-receptor for the TOC complex (Qbadou
et al., 2007;Von Loeffelholz et al., 2011). Another protein is the IMS
localized Toc12, which interacts with Toc64 (Becker et al., 2004)
and the inner membrane space proteins Tic22 and a chaperone
(Figure 3B; Becker et al., 2004).

Virtually all known inner envelope, stromal, and thylakoid
proteins are imported through the import complex. However, a
subset of proteins identified during proteomic analysis of chloro-
plasts lacks a recognizable transit peptide (Baginsky and Gruissem,
2004). These proteins may either be contaminations or they may
enter the plastid through a different pathway. The majority of
outer envelope proteins also lacks a recognizable target peptide
and enters the outer envelope without the benefit of the TOC
Complex.

TOC COMPLEX INDEPENDENT PROTEIN IMPORT
One possible alternative route for proteins into the chloroplast
has been shown for the a-type family carbonic anhydrase CAH1
in A. thaliana (Villarejo et al., 2005) and ADP-glucose hydrolytic
nucleotide pyrophosphatase/phosphodiesterase (NPP) 1 in rice
(Nanjo et al., 2006). CAH1 as well as NPP1 have an N-terminal
signal peptide for the secretory pathway, which targets the proteins
to the ER. In vivo localization studies with GFP fusion revealed
CAH1 and NPP1 localization in the stroma. The localization in
both studies was altered by the Golgi vesicle transport inhibitor
brefeldin A, and CAH1–GFP as well as NPP1–GFP accumulated
in ER and golgi (Villarejo et al., 2005; Nanjo et al., 2006). Based
on these results CAH1 and NPP1 are transported from the cytosol
into the ER and on to the chloroplast by Golgi-mediated vesicle
transport. At the OE it is assumed that Golgi vesicles fuse with the
envelope and release the fully folded protein into the IMS between
IE and OE (Figure 3D; Villarejo et al., 2005; Nanjo et al., 2006).
How the transport from the IMS into the stroma is accomplished
is speculative.

An internal signal sequence is important for the transfer of
NPP1 to the chloroplast (Kaneko et al., 2010). The requirement
of an internal signal sequence was also shown for the TOC-
independent insertion of the IE proteins chloroplast envelope
quinone oxidoreductase (ceQORH; Miras et al., 2002, 2007), and
the inner envelope protein (IEP) 32 (Figure 3C; Nada and Soll,
2004). While the presence of internal sequence motives important
for transport appears to be a general theme, ceQORH, IEP32, and
the protein Tic22 (Kouranov et al., 1998, 1999) were shown to be
transferred to their destinations by different pathways (Figure 3C;
Kouranov et al., 1999; Nada and Soll, 2004; Miras et al., 2007).

The study of early branching Archaeplastida provides further
insights into the transport independent of the TOC complex.
Recent studies on the amoeboid Paulinella chromatophora and
its photosynthetic endosymbiont revealed an involvement of the
ER in protein sorting to the plastid in earlier evolutionary stages
(Mackiewicz and Bodyl, 2010).

PROTEIN INSERTION INTO THE OE
Unlike TOC based transport, the insertion of OE proteins into
the membrane is mostly independent of energy equivalents. Many
proteins can insert in thermolysin-treated plastids. This was taken
as evidence for protein independent insertion, however, since
OEP7 (called OEP14 in pea) insertion is inhibited by trypsin and
N -ethylmaleimide but not thermolysin, it is more likely that the
proteins involved are not affected by thermolysin treatment. Pro-
tein insertion has been studied with several model proteins: OEP7
(Arabidopsis), OEP14 (pea), and E6.7 (spinach) although their
function is still not determined, Toc64, (Salomon et al., 1990; Li
et al., 1991; Tu and Li, 2000; Lee et al., 2001; Dyall et al., 2004;
Nada and Soll, 2004; Bae et al., 2008; Oikawa et al., 2008), the
tail-anchored proteins OEP9 and Toc33 and Toc34 (Dhanoa et al.,
2010) and the major import pore Toc75-III.

The ankyrin repeat proteins 2A and 2B (Akr2A and Akr2B)
are involved in protein trafficking to the OE based on OEP7 and
cOEP64/AtToc64 import experiments. The recognition and inser-
tion of OEPs into the membrane requires a single C-terminal TMD
and an upstream target signal. This signal is part of the functional
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protein and not cleaved off after translocation into the membrane
(Tu and Li, 2000; Lee et al., 2001; Tu et al., 2004; Bae et al., 2008).
The Akr2A protein mediates recognition of the preprotein. Akr2A
binds with its N-terminal region to the target signals of the OE pro-
tein while the C-terminal region is required for binding to the OE.
Akr2A also provides chaperone activity to OEPs (Figure 3A; Bae
et al., 2008). Akr2B functions similarly to Akr2A (Bae et al., 2008)

Akr2a mediated import is also required to target tail-anchored
proteins to the chloroplast (Dhanoa et al., 2010). Tail-anchored
protein import can be divided into delivery of the protein to the
appropriate organelle and insertion into the target membrane.
While Akr2A mediates targeting to the appropriate organelle,
insertion pathways diverge. The insertion of newly synthesized
Toc33/34 depends on the presence of Toc33 in the membrane and
is thus dependent on proteins and not or not only on the compo-
sition of the lipid bilayer. While insertion of OEP9 is also protein
dependent, it does not require Toc33 or Toc34 for insertion and
may be dependent on Toc75 (Dhanoa et al., 2010).

A second cytosolic factor is required for at least OEP7 inser-
tion. A small cytosolic class 1 heat shock protein, Hsp17.8 which
can dimerize or assemble into a temperature induced oligomeric
complex, interacts with the C-terminal ankyrin repeat domain of
Akr2A and, as a dimer, binds with high affinity to the OE. This
mediates an enhanced binding affinity of Akr2A to the OE. Knock
down lines of class1 HSPs including HSP17.8 exhibit reduced tar-
geting efficiency for OEP7 and overexpression lines enhance OE
targeting (Figure 3A; Kim et al., 2011). At least four other small
cytosolic heat shock proteins can also interact with AKR2A to
varying degrees (Kim et al., 2011).

Targeting of one of the major outer envelope proteins,AtToc75-
III, remains enigmatic. Unlike all other outer envelope proteins
tested, AtToc75-III carries a bipartite targeting signal, which con-
sists of a cleavable targeting signal to the chloroplast stroma
and a polyglycine stretch required for insertion into the outer
envelope (Tranel et al., 1995; Tranel and Keegstra, 1996; Inoue
and Keegstra, 2003). The exact mechanism for Toc75 insertion
is currently unknown but other OMP85 related proteins like
AtTOC75-V/OEP80 (Patel et al., 2008; Huang et al., 2011) and
the N-terminal truncated Toc75 homolog, AtToc75-IV, which is
inserted into the membrane without any cleavable target pep-
tide (Baldwin et al., 2005), may help to understand the insertion
process of AtToc75-III.

The rapid progress in dissecting the import pathways into the
outer envelope in recent years (Bae et al., 2008; Dhanoa et al.,
2010; Kim et al., 2011) since the focus was shifted from the well
understood TIC–TOC Pathway (Soll and Schleiff, 2004; Inaba and
Schnell, 2008; Andres et al., 2010; Schwenkert et al., 2010) to other
import pathways may indicate that a systematic picture of targeting
machinery and signals may soon arise from additional studies.

PROTEIN REPAIR AND DEGRADATION
The interior of the chloroplast is a hazardously oxidizing envi-
ronment with multiple protection systems (Baier and Dietz, 2005;
Oelze et al., 2008). Yet, no protein repair or turnover mechanism
is known in addition to those of cyanobacterial origin affecting
the thylakoid membranes themselves (Nixon et al., 2010). Mito-
chondria can be turned over entirely by autophagy. The complete

organelle is engulfed, digested, and its parts recycled (Mijaljica
et al., 2007). However, plastids are too big to fit into the autophagy
machinery (Ishida and Yoshimoto, 2008; Izumi et al., 2010). There
are organisms containing only a single plastid such as C. rein-
hardtii. Turning over the complete plastid is not a viable route
in these organisms. Cytosolic proteins can also be recycled by
autophagy or they are targeted for degradation through the protea-
some by ubiquitination (Van Doorn and Woltering, 2005; Reape
et al., 2008; Uchiyama et al., 2008). Unlike the IE and the proteins
within the plastids, the OE is exposed to the cytosol and hence
to the protein degradation machinery. However, ubiquitination of
any plastid protein has not yet been reported from any of the pro-
teome studies, likely because these studies were not designed to
identify such post-translational modifications (e.g., Rolland et al.,
2003; Bräutigam et al., 2008; Bräutigam and Weber, 2009; Ferro
et al., 2010). Since it is highly unlikely that all plastid proteins sur-
vive intact for the duration of plant life (some plants can reach
several thousand years in age), one or several methods for protein
turnover at the plastid must exist. During plastid differentiation
from proplastids to chloroplasts, the protein complement of the
stroma (compare Sun et al., 2009; Ferro et al., 2010), the IE, and
the OE (e.g., Bräutigam and Weber, 2009) is changed in quality
and quantity again necessitating protein degradation. Although it
is tempting to speculate about vesicular transport out of the plas-
tids of envelope proteins especially in light of the unresolved lipid
transfer from plastids to the remainder of the cell, the question
of protein turnover in the plastids envelopes remains completely
unresolved.

INTERACTION OF THE OUTER ENVELOPE WITH THE CYTOSOL
SITES MEDIATING THE CONTACT BETWEEN THE PLASTID AND THE ER
Fatty acid and lipid metabolism require close physical contact of
the ER and the plastids. Yet, the structural components mediating
the interaction have not been identified to date. Plastid associated
membranes (PLAMs) are a vesicular structure attached to the plas-
tids from the cytosolic side (Andersson et al., 2007a,b). They were
identified by GFP labeling the ER and isolating plastids, which
were then decorated with fluorescing vesicles. Optical tweezers
needed a force of 400 pN to overcome the attachment, which is a
force equivalent to that of a protein–protein interactions (Florin
et al., 1994). The vesicles can also be removed by a low pH/low salt
wash in MES buffer (pH 6.0) supplemented with sucrose (details in
Andersson et al., 2007a,b). Their lipid composition is intermediate
between the composition of the outer envelope and the ER.

A second structure has been implicated in mediating interac-
tion between the plastid and the cytosol, especially the ER: the
stromules (Köhler and Hanson, 2000). Stromules are defined as
stroma-filled tubules jutting out from plastids. They were observed
in many tissues and different species, so they are likely a gen-
eral feature of at least moss and higher plant plastids (Gray
et al., 2001; Pyke and Howells, 2002; Waters et al., 2004; Gun-
ning, 2005; Hanson and Sattarzadeh, 2008; Holzinger et al., 2008;
Reski, 2009; Shaw and Gray, 2011). Stromules are hypothesized
to be built by the joint action of internal pressure and external
draw. Filament forming proteins, such as the plastid division pro-
tein FtsZ are under debate to be involved in the formation of
stromules since they are abundant in tomato chromoplasts where
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plastid division is unlikely to occur (Reski, 2009; Barsan et al.,
2010; Hanson and Sattarzadeh, 2011). The cytosolic compounds
in the stromule formation process are most probably the actin
cytoskeleton (Kwok and Hanson, 2004) in combination with spe-
cific myosin proteins. Stromule formation is decreased by actin
inhibitors and by gene silencing of myosin class XI motor pro-
teins (Kwok and Hanson, 2003; Sattarzadeh et al., 2009). Actin
inhibitors lead to collapse of existing stromules, which remain
tubular but collapse onto the plastid surface (Kwok and Han-
son, 2003). Since the material does not spontaneously reinsert,
the formation and reinsertion of stromules is probably an active
process. In addition to the involvement of actin in stromule move-
ment, motor proteins like myosin XI of the F-class are assumed
to drive the chloroplast dynamics (Sattarzadeh et al., 2009). The
best evidence for a direct interaction of myosin with the stro-
mule and plastidic OE was described for a myosinXI-2 relative of
Arabidopsis in N. benthamiana. This has been shown to interact
with its cargo-binding domain at the C-terminus directly with the
OE (Natesan et al., 2009). Therefore, one or more myosins of the
XI-F-family are proposed to be anchors in the OE, building con-
nection between actin skeleton and stromules (Sattarzadeh et al.,
2009).

Similar to PLAMs the functional significance of stromules
has not been experimentally tested. Direct substance transport
between connected plastids is possible, yet likely slow since dense
stroma fills the connecting tubules (Köhler et al., 2000; Hanson and
Sattarzadeh, 2011). Plastids have almost perfect lens-shape, which
limits the surface to volume ratio. Stromules massively increase
the surface area (compare Hanson and Sattarzadeh, 2011) and
provide space for proteins such as transporters. If this hypothe-
sis was true, stromules should be present in cells and tissues with
increased import or export requirements for metabolites across the
envelope membranes. Remarkably, stromules are barely detectable
in mature leaf chloroplasts, which actively photosynthesize but
frequently observed in other tissues, which rather have sink char-
acteristics (Köhler and Hanson, 2000; Pyke and Howells, 2002;
Waters et al., 2004). Apparently, the high flux of photosynthates in
leaf chloroplasts does not require surface area increases as is also
evident by the absence of stromules in algal chloroplasts. Stromules
may also bridge the distance between plastids and other organelles
or maintain connections while allowing movement of chloro-
plasts. Plastids can “hug” or surround completely other organelles
via stromules (e.g., Sage and Sage, 2009). Dynamics of stromules
and of the cortical ER correlate with each other, mediated either
by shared cytoskeletal interaction or by direct interaction (Schat-
tat et al., 2011) possibly through PLAMs. The ER and the plastids
use different myosins but a common actin backbone to mediate
their individual movements (Sattarzadeh et al., 2009; Ueda et al.,
2010). Stromules may mediate signaling between plastids and the
PM. The protein thylakoid formation 1 (THF1) is localized to the
stroma and to the OE of plastids (Wang et al., 2004; Huang et al.,
2006; Joyard et al., 2010). It is also distributed to stromules. While
deletion of the THF1 gene leads to defects in thylakoid forma-
tion (Wang et al., 2004), it is detectable in chromoplasts (Siddique
et al., 2006), a plastid type with frequent stromule sightings (Pyke
and Howells, 2002; Waters et al., 2004) but without photosynthe-
sis. Recent findings revealed, that THF1 physically interacts with

the plasma membrane G-protein GPA1 (Huang et al., 2006). This
interaction requires proximity of the plastid or its stromule with
the plasma membrane. Stromules may also play a role in stress
response (Holzinger et al., 2007; Gray et al., 2011)

The evidence for stromules interacting with other cellular
compartments is circumstantial hence the function of stromules
remains as unknown as the mechanism that builds them.

MOVEMENT OF CHLOROPLAST
One of the adaptations of the plant to different light dosage is
the dynamic positioning of the chloroplasts inside the cell (Trojan
and Gabrys, 1996). On the one hand, the position change increases
the light-use-efficiency during low light conditions. On the other
hand, it reduces photo-damage during high light conditions. The
OE is the interface for the moving devices of the cell. Mutants
deficient in chloroplast unusual positioning 1 (CHUP1) display
defects in the distribution and positioning of chloroplasts in the
cell. CHUP1 is N-terminal anchored in the OE membrane by a
single TMD representing also the targeting signal for its insertion.
Its C-terminus is facing the cytosol and contains an actin bind-
ing motif. CHUP1 directly interacts with the PM via a C-terminal
coiled coil domain (Oikawa et al., 2003, 2008; Von Braun and
Schleiff, 2008). Two kinesin-like proteins (KAC1 and KAC2) are
CHUP1 interaction partners at the PM (Suetsugu et al., 2010). The
interaction between CHUP1 and KAC1/2 is mediated by a specific
type of chloroplast associated actin filaments (cp-actin). The accu-
mulation of cp-actin at the actin binding domain of CHUP 1 and
their connection to the PM are regulated by two blue light recep-
tor phototropins, Phot1 and Phot2 (Kadota et al., 2009). The PM
protein THRUMIN1 has also been postulated to be a link for plas-
tidial movement. The study suggests F-actin as the moving devise
for plastid movement (Whippo et al., 2011) as described earlier
(Oikawa et al., 2003).

While several extra plastidic factors are involved in the chloro-
plast movement, CHUP1 is the only detected plastidic factor
involved in this process so far (Kadota et al., 2009; Whippo et al.,
2011).

THE ROLE OF OE IN PLASTID–NUCLEUS INTERACTION
Retrograde signaling from the plastid to the nucleus is a neces-
sity. However, retrograde signals remain unknown. A recent study
describes a protein possibly involved in the retrograde signaling
from the plastid outer envelope to the nucleus (Sun et al., 2011).
The protein contains a plant homeodomain (PHD) and is bona
fide a transcription factor since it can activate transcription. It
is bound to the OE via TMDs, hence its name PTM (PHD type
transcription factor with TMDs). Immunoblot analysis revealed
re-localization of the soluble N-terminal part of PTM to the
nucleus upon signal dependent cleavage (Sun et al., 2011). PTM
was shown to be involved in the expression of ABI4, which in turn
regulates light harvesting complex associated chlorophyll binding
proteins (Sun et al., 2011). Ptm knock out plants did not show any
phenotype, indicating compensation of the loss of function by
other factors. How signals are related from the inside of the plastid
to the outer envelope remains unknown. The identification of a
chloroplast derived transmitter, the cleavable PTM, holds promise
for identification of additional parts in the signaling cascade.
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DIVISION OF THE CHLOROPLAST
Two systems in concerted action, one on the stromal side of the
envelopes and a second one on the cytosolic side of the OE accom-
plish plastid division. The stromal machinery originated from
cyanobacteria (summarized in Yang et al., 2008) while the OE
machinery was evolved from host proteins (summarized in Miyag-
ishima, 2005) Both machineries are coordinated through ARC6
(accumulation and replication of chloroplast; Glynn et al., 2008)
and PARC6 (paralog of ARC; Glynn et al., 2009) two IEPs that con-
nect the inner machinery to the outer envelope through recruiting
PDV1 (plastid division) and PDV2 (Miyagishima et al., 2006;
Glynn et al., 2008, 2009). PDV1 and PDV2 in turn recruit ARC5, a
dynamin-like protein (Gao et al., 2003),which forms a constriction
force on the outside. They can mediate interactions between the
plastid and the cytosol since their C-terminus faces the IMS where
it can interact with IEPs. Their N-terminus faces the cytosolic site
where it can interact with host proteins (Miyagishima et al., 2006).
However, PDVs do not control plastid volume per cell; chloroplast
number correlates negatively with chloroplast volume, the smaller
they are, the more of them are present (Okazaki et al., 2009).
The intriguing double mutant in IE mechano-sensitive (MS) ion
channels also changes the plastid number per cell but not plastid
volume (Haswell and Meyerowitz, 2006; Wilson et al., 2011) as do
all known division machinery mutants (summarized in Yang et al.,
2008). Pleiotropic effects of the MSL (MS-like) mutant include
fewer cells, thicker leaves, and empty leaves. The CRL1 (crumbled
leaf) mutants defective in an OE protein of unknown function
as well as ARC6 mutants also show developmental abnormalities
(Asano et al., 2004; Chen et al., 2009).

All mutants in the division machinery affect the plastid number
and size, which are inversely correlated. If the number of plastids

is reduced the remaining plastids increase in size and vice versa.
Hence it is unlikely that the division machinery, which is localized
to the envelopes controls plastid volume. The mechanism by which
the cell determines how much of its volume it devotes to plastids
is unknown but clearly, different cell types in plants devote differ-
ent amounts of volume to plastids indicating that plastid volume
is developmentally controlled. Recently it was discovered that ER
tubules mark the site of mitochondrial division in yeast (Fried-
man et al., 2011). It is thus tempting to speculate that interactions
between chloroplast and ER, such as PLAMs, might be involved in
governing or coordinating plastid division.

CONCLUSION
In this review we described the multitude of functions associated
with the outer plastid envelope. The opinions about its rele-
vance for the function of the plant cell have changed over the
past decades. Study of the plastids has mostly focused on protein
rich, abundant subcompartments, such as the thylakoids. How-
ever, a detailed understanding of how the plastids integrate into
the cytosol can only be achieved through understanding of the
barrier between the compartments, the outer envelope. Metabolite
transfer through the outer envelope is reasonably well understood,
as are lipid synthesis and the division machinery. Progress has been
made in studying ER to chloroplast transfer of lipids and protein
targeting. However, transfer of lipids out of the plastids, protein
turnover, and signal transduction remain mostly unknown.
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Complete sequencing of the Arabidopsis genome a decade ago has facilitated the func-
tional analysis of various biological processes including membrane traffic by which many
proteins are delivered to their sites of action and turnover. In particular, membrane traffic
between post-Golgi compartments plays an important role in cell signaling, taking care
of receptor–ligand interaction and inactivation, which requires secretion, endocytosis, and
recycling or targeting to the vacuole for degradation. Here, we discuss recent studies that
address the identity of post-Golgi compartments, the machinery involved in traffic and
fusion or functionally characterized cargo proteins that are delivered to or pass through
post-Golgi compartments. We also provide an outlook on future challenges in this area of
research.

Keywords: plant, trans-Golgi network, endosome, exocytosis, endocytosis, secretion, recycling

Several thousand proteins are delivered to their sites of action and
turnover by membrane trafficking. Cargo proteins include vac-
uolar proteases, storage proteins, membrane-associated receptors
and their soluble (secreted) peptide ligands, cell wall-modifying
enzymes, nutrient and hormone transporters, ion channels, and
PAMP receptors involved in pathogen defense. Thus, cellular
homeostasis, cell–cell communication in development, and phys-
iological responses to changes in the environment all depend
on membrane traffic. In this review, we will summarize recent
advances on post-Golgi membrane traffic covering compartments,
trafficking pathways, and molecular players involved.

DIVERSITY OF POST-GOLGI COMPARTMENTS
Major ultrastructurally defined endomembrane compartments
in post-Golgi trafficking are the trans-Golgi network (TGN),
the multivesicular body (MVB)/prevacuolar compartment (PVC),
and two types of vacuole, the lytic vacuole (LV) and the pro-
tein storage vacuole (PSV). Additional compartments such as the
recycling endosome (RE) have been postulated or inferred from
experimental studies or marker localization data but have not been
identified ultrastructurally in plants (Figure 1).

TRANS -GOLGI NETWORK/EARLY ENDOSOMES
Secretory cargo proteins arrive at the TGN from the ER via the
Golgi stacks. Originally described as partially coated reticulum
(PCR; Pesacreta and Lucas, 1984; Tanchak et al., 1988), the TGN

Abbreviations: AALP, Arabidopsis aleurain like protein; ABA, abscisic acid; CCV,
clathrin-coated vesicles; CPI1, cyclopropylsterol isomerase 1; ER, endoplasmic reticu-
lum; PAMP, pathogen-associated molecular pattern; PIP5K2, phosphatidylinositol-
4-phosphate 5-kinase 2; PMEI1, pectin methylesterase inhibitor protein 1; PI3P,
phosphatidylinositol-3-phosphate; RMR, receptor homology region transmem-
brane domain ring H2 motif protein; RPA, ROOT AND POLLEN ARF–GAP;
SNARE, soluble N -ethylmaleimide-sensitive factor attachment receptor; SYP, syn-
taxin of plants; TFL1, TERMINAL FLOWER 1; TRAPP, transport protein particle;
VAMP, vesicle-associated membrane proteins.

is a tubulo-vesicular compartment that is often closely associated
with a Golgi stack but can also move away (Viotti et al., 2010;
Kang et al., 2011). The TGN is a major sorting station for exocytic
cargo proteins except that some storage proteins are sorted at the
ER or cis-Golgi (Hara-Nishimura et al., 1998; Park et al., 2004).
Importantly, the TGN also functions as an early endosome (EE) in
plants, as revealed by time-course experiments with the lipophilic
endocytic tracer FM4-64 (Dettmer et al., 2006). Thus, the TGN is
at the intersection of the secretory and endocytic traffic. In addi-
tion, RAB-A class proteins related to the mammalian recycling
Rab11 GTPase localize at a subpopulation of TGN (Chow et al.,
2008; Kang et al., 2011). These observations suggest that distinct
sorting functions are performed by the TGN, although there is
no structural evidence for subdomains. TGN markers commonly
used include the a1 subunit of the vacuolar H+-ATPase (VHA)
and the Qc-SNARE SYP61 (Bassham et al., 2000; Sanderfoot et al.,
2001; Dettmer et al., 2006). The latter has been used to identify
the TGN proteome by mass spectrometry (Drakakaki et al., 2011).
The TGN appears to be formed from the trans-most cisterna of
the Golgi stack (Zhang and Staehelin, 1992), possibly by matura-
tion. Its integrity seems to be maintained by anterograde traffic
toward the plasma membrane (PM) and the vacuole as well as by
retrograde traffic to the Golgi apparatus.

PREVACUOLAR COMPARTMENT/MULTIVESICULAR BODIES
Multivesicular bodies are ultrastructurally distinct, with intralu-
menal vesicles formed by local endosomal sorting complex
required for transport (ESCRT)-mediated invaginations of the
limiting membrane (Tse et al., 2004; Otegui and Spitzer, 2008;
Stierhof and El Kasmi, 2010). MVBs act as a PVC and relay TGN-
sorted cargo proteins toward (lytic) vacuoles, thus functionally
corresponding to the late endosomes (LE) of animal cells (Tse
et al., 2004). A similar PVC [possibly related to the dark intrinsic
protein (DIP) organelle] is also observed in trafficking to the PSV
(Jiang et al., 2000; Shen et al., 2011) and might actually be identical
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FIGURE 1 | Illustrated overview of post-Golgi traffic. In the vacuolar
trafficking pathway (purple-colored), there is a controversy over the precise
location where VSR recycling occurs (pale purple-colored dashed line).
There are different populations of RAB-F-positive endosomes, but their
origin is unknown. There is no clear evidence for multiple secretory
pathways to the PM (indicated by the green-colored dashed line). Cell-plate
formation mainly relies on the secretory pathway (green-colored).
Molecular machineries involved in protein retrieval from the cell plate
(salmon-colored) and in endocytosis (red-colored) may be similar, including
clathrin (gray-colored dashed line). It is not clear whether clathrin is also
involved in the vacuolar trafficking pathway. Although there seem to be
multiple types of REs (blue and pale blue-colored), their origin and identity
are unknown. Small-sized letters indicate representative molecular markers
for post-Golgi trafficking pathways. For simplicity, polar location of BOR1 is
not shown. For details, see the text.

to the PVC in lytic vacuolar traffic (Miao et al., 2008). By analogy
with the non-plant systems in which LE fuse with the lysosome
(reviewed in Luzio et al., 2010), it is generally accepted that MVBs
fuse with the tonoplast, releasing the intralumenal vesicles, and
their membrane-bound cargo into the vacuole for degradation
(Scheuring et al., 2011). This has been demonstrated, for example,
for the syntaxin KNOLLE, which is detected on the intralumenal
vesicles of MVBs and on vesicles inside the vacuole at the end of
cytokinesis (Reichardt et al., 2007).

The origin of the MVBs in plant cells is still controversial
whereas the LE of yeast and mammals have been shown to mature
from EEs (Rink et al., 2005; Poteryaev et al., 2010). On the one
hand, Golgi/TGN-derived vesicles appear to fuse with one another
to form pre-MVBs from which MVBs mature en route to the PSV
in the Arabidopsis embryo (Otegui et al., 2006). On the other hand,
a recent study of both Arabidopsis root cells and tobacco mesophyll
protoplasts presents structural and functional evidence suggesting
that MVBs mature from TGNs by being pinched off and forming
ESCRT-mediated intralumenal vesicles (Scheuring et al., 2011).
Although the recent data strongly support a maturation model,
some points still remain to be resolved (see below). In animals,
early to late endosomal maturation appears to occur by Rab5–Rab7
conversion (Poteryaev et al., 2010). However, the plant homolog

of mammalian Rab5, ARA7/RAB-F2b GTPase, is not located at the
TGN/EE in plants but at PVCs/MVBs (Lee et al., 2004; Reichardt
et al., 2007). This difference suggests that the underlying molecular
machineries might be different between animals and plants.

Prototypical MVB/PVC markers include ARA7/RAB-F2b
GTPase and Qa-SNARE SYP2 paralogs (i.e., PEP12/SYP21 and
VAM3/SYP22/SGR), which associate with or reside on the lim-
iting membrane, respectively (Lee et al., 2004; Shirakawa et al.,
2010; Uemura et al., 2010). PEP12/SYP21 and VAM3/SYP22/SGR
were regarded as distinct membrane markers for two related
compartments, the PVC and the vacuole, respectively. Recently,
however, Uemura et al. (2010) demonstrated functional redun-
dancy of the two syntaxins and also showed by double labeling
that the two proteins largely colocalize on both endomembrane
compartments. Additionally, MVBs are morphologically altered by
treatment with wortmannin, an inhibitor of phosphatidylinositol-
3 kinase (PI3K), which causes swelling and vacuolation of PVCs
and is thus commonly used to identify PVCs (Tse et al., 2004;
Wang et al., 2009). However, wortmannin has additional effects
on endosomes and also impairs endocytosis from the PM (Lam
et al., 2007).

Recently, Foresti et al. (2010) proposed that a late PVC/MVB
exists as an intermediate compartment between the PVC and the
central vacuole in the tobacco leaf epidermis, which was based on
the localization of the recycling-defective vacuolar sorting receptor
(VSR) VSR2. However, the PVC marker RHA1/RAB-F2a (see also
below) was used to visualize this late PVC/MVB. It is thus impor-
tant to employ additional unique subcellular markers to verify the
presumed existence of a novel late PVC (see also Bottanelli et al.,
2011b).

RECYCLING ENDOSOMES
Recycling endosomes have not been identified morphologically
in plants. However, they were first functionally demonstrated as
the site of action of the brefeldin A (BFA)-sensitive ADP ribosy-
lation factor (ARF)–guanidine nucleotide exchange factor (GEF),
GNOM, which is required for the recycling of the auxin-efflux car-
rier PIN-FORMED1 (PIN1) to the basal PM in the root vasculature
(Geldner et al., 2003). In contrast, GNOM function is not required
for the recycling to the PM of AUXIN-RESISTANT1 (AUX1),
PIN2, and PM-located H+-ATPase (Kleine-Vehn et al., 2006),
which suggests the existence of multiple functionally distinct REs.
Although the partial colocalization of GNOM with FM4-64 would
be compatible with the notion that REs might be part of the TGN
(Geldner et al., 2003), the two compartments seem to differ in
BFA sensitivity (Geldner et al., 2009). Moreover, there is no direct
ultrastructural evidence supporting a subdomain organization of
the TGN that could be unambiguously related to distinct traf-
ficking roles. Interestingly, ARA7/RAB-F2b-positive endosomes
are morphologically abnormal in gnom mutant cells, resembling
wortmannin-treated MVBs (Geldner et al., 2003). However, this
effect might be indirect since GNOM does not localize at the
PVCs/MVBs. Moreover, delivery of the brassinosteroid receptor
BRI and the boric acid/borate exporter BOR1 from the PM to
the PVCs/MVBs appears to target these proteins to the LV rather
than recycling them back to the PM (Viotti et al., 2010). Thus, it
is unlikely that the PVCs/MVBs serve as REs. Recently, RAB-A1e
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and RAB-A1g-positive endosomes were proposed to correspond
to REs based on their higher sensitivity to BFA (Geldner et al.,
2009). Obviously, additional structural and functional evidence is
required to identify the REs unambiguously.

VACUOLES
Plant cells have different types of vacuoles with specific physiolog-
ical and functional features, depending on the developmental stage
(Marty, 1999). Two types of vacuoles have been best studied: (i)
the α-tonoplast intrinsic protein (α-TIP)-positive PSV that is built
during embryogenesis and serves as an energy sink during seed ger-
mination; (ii) the γ-TIP-positive LV or central vacuole (CV) that
appears to derive from the PSV during germination and functions
in degrading proteins and in sequestering secondary metabolites
(Höfte et al., 1992; Zheng and Staehelin, 2011). The prevailing view
was that multiple types of vacuole exist in a differentiated cell, as
revealed by the distinct locations of α-TIP and γ-TIP in Arabidopsis
root or leaf cells (Paris et al., 1996; Park et al., 2004). However, this
concept has been disputed in recent studies of α-, γ-, and δ-TIPs
as well as storage proteins in barley, pea, and Arabidopsis (Hunter
et al., 2007; Olbrich et al., 2007). The authors demonstrated that
there is only a single type of (central) vacuole which is labeled
with both α-TIP and γ-TIP in various differentiated tissues (also
reviewed in Frigerio et al., 2008). According to Sohn et al. (2007),
a mutation of TFL1, a shoot meristem identity gene involved in
flower development, results in defects in PSV trafficking. TFL1 is
not only located at the PM and a PSV-like organelle but also colo-
calizes with the δ subunit of the AP-3 complex which was more
recently shown to be involved in vacuolar biogenesis (see below for
details). Although the PSV-like organelle remains to be character-
ized morphologically and functionally, its existence may imply the
occurrence of hitherto unappreciated vacuolar functional diversity
in differentiated cell types.

Commonly used markers include aleurain, sporamin, and γ-
TIP for the LV/CV and lectin, globulin, albumin, and α-TIP for
the PSV (Höfte et al., 1992; reviewed in Robinson et al., 2005).
Apart from the vacuoles themselves, there are additional com-
partments such as dense vesicles (DVs), precursor-accumulating
compartments (PACs), and DIP-positive organelles that lie on the
PSV trafficking pathways (Hohl et al., 1996; Shimada et al., 1997;
Jiang et al., 2000; Hillmer et al., 2001).

CELL PLATE
Plant cells generate a transient membranous compartment named
cell plate in the plane of cell division during cytokinesis. Forma-
tion of the cell-plate starts in the center and progresses toward the
periphery until the margin of the cell-plate fuses with the parental
PM (Seguí-Simarro et al., 2004; reviewed in Jürgens,2005). The cell
plate is mainly built by homotypic fusion of Golgi/TGN-derived
vesicles whose delivery to the plane of cell division is guided
by the dynamic cytoskeletal array of phragmoplast microtubules
(reviewed in Jürgens, 2005; Reichardt et al., 2007). By contrast,
endocytosis seems to participate in the recruitment of the corti-
cal division zone (Van Damme et al., 2011). A commonly used
marker for the plane of cell division and the forming cell plate
is the cytokinesis-specific syntaxin/Qa-SNARE KNOLLE/SYP111
(Lauber et al., 1997).

POST-GOLGI TRAFFICKING PATHWAYS
LATE SECRETORY PATHWAY(s) TO THE PLASMA MEMBRANE
Traffic of soluble proteins from the ER to the PM and out of the
cell occurs by default, the only requirement being an N-terminal
signal peptide for protein translocation across the ER membrane,
as shown for several soluble enzymes as well as GFP (Denecke
et al., 1991; Batoko et al., 2000). Conversely, a key regulator of
Arabidopsis stem-cell homeostasis, the peptide ligand CLAVATA
3 (CLV3), which is normally secreted from the cell, was diverted
to the vacuole when fused to a C-terminal vacuolar sorting sig-
nal (Rojo et al., 2002). Thus, the absence of a sorting signal for
vacuolar trafficking is required for secretion of soluble proteins,
supporting the notion that secretion is a default pathway.

Secretory trafficking of membrane proteins is less well charac-
terized. Membrane proteins with a single transmembrane domain
appear to reach their destination along the secretory pathway
according to the length of their hydrophobic region: proteins with
a shorter membrane span are held back in the Golgi stack whereas
those with a longer membrane span are trafficked to the PM
(Brandizzi et al., 2002). The situation might be different for other
membrane proteins such as those with multiple membrane spans
or those with a hydrophobic tail anchor such as SNARE proteins
that are inserted into the ER membrane by the GET machin-
ery (Borgese and Fasana, 2011). For example, the rice secretory
carrier membrane protein 1 (SCAMP1) has four transmembrane
domains of which two domains appear to mediate export from
the Golgi stack and another one appears to mediate traffic from
the TGN to the PM (Cai et al., 2011).

Concanamycin A (ConcA) inhibits the activity of the TGN/EE-
residing VHA. As a consequence, TGN and MVB are incorporated
into the Golgi apparatus, and the Golgi stacks are morpholog-
ically altered as well. Consequently, ConcA blocks downstream
pathways of the TGN/EE (Dettmer et al., 2006; Reichardt et al.,
2007; reviewed in Robinson et al., 2008). Interestingly, ConcA
inhibits the secretion of secGFP at the TGN/EE (Viotti et al., 2010),
but other markers are not affected (Scheuring et al., 2011). Thus,
one or more pathway(s) might be involved in the secretion of sol-
uble proteins. Additional functional studies are required to resolve
this issue.

TRAFFICKING TO THE CELL DIVISION PLANE AS A SPECIALIZED
SECRETORY PATHWAY
Phragmoplast-assisted cell-plate formation is a unique mode of
cytokinesis that evolved in the plant lineage only. Golgi/TGN-
derived membrane vesicles that deliver the necessary material for
building the PM and the cell wall are targeted to the plane of
cell division (Seguí-Simarro et al., 2004). The available evidence
suggests that both secretory and endocytic traffic contribute to
cell-plate formation (Dhonukshe et al., 2006; Reichardt et al., 2007,
2011). Interestingly, cell-plate formation is critically dependent on
secretory traffic delivering de novo synthesized KNOLLE syntaxin
whereas endocytic traffic appears to be a consequence of pre-
venting recycling of internalized membrane proteins to the PM
(Reichardt et al., 2011). Many proteins that are detected at the
PM during interphase accumulate at the plane of division dur-
ing cytokinesis (Steinmann et al., 1999; Zuo et al., 2000). However,
only cycling PM proteins arrive at the division plane by endocytosis
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whereas non-cycling PM proteins such as SYP132 have to be newly
synthesized and delivered by secretion to accumulate at the form-
ing cell plate (Reichardt et al., 2011). This observation may also
indicate that protein trafficking to the cell-plate relies on a default
pathway. How KNOLLE syntaxin reaches the plane of cell divi-
sion has been analyzed in transgenic plants expressing chimeric
syntaxins in which protein domains have been swapped between
KNOLLE and MVB-localized PEP12/SYP21 (Touihri et al., 2011).
KNOLLE syntaxin with its tail anchor replaced by that of the pre-
vacuolar syntaxin PEP12 still reaches the cell plate and rescues a
knolle mutant whereas an N-terminal region from PEP12 targets
the chimeric protein to the MVB/PVC (Touihri et al., 2011). This
result supports the notion of trafficking to the plane of cell division
being a default pathway.

ENDOCYTOSIS AND RECYCLING TO THE PLASMA MEMBRANE VS.
TARGETING TO THE VACUOLE FOR DEGRADATION
Upon internalization from the PM, endocytosed proteins face two
options: They may be recycled to the PM or they may be passed on
to the vacuole for degradation. In Arabidopsis, many PM proteins
including auxin-efflux carriers PIN1 and PIN2, brassinosteroid
receptor BRI1 and boron transporter BOR1 undergo constitu-
tive endocytosis and recycling (Steinmann et al., 1999; Geldner
et al., 2003, 2007; Geldner and Jürgens, 2006; Takano et al., 2010).
There are only a few exceptions known such as the Qa-SNARE
SYP132, which does not constitutively cycle and rather stays at
the PM (Reichardt et al., 2011). Constitutive cycling of PM pro-
teins was initially revealed for PIN1 by treating seedling roots
with the fungal toxin brefeldin A (BFA), which trapped internal-
ized PIN1 reversibly in endosomal BFA compartments (Geldner
et al., 2003). BFA prevents ARF GTPase activity by inhibiting
GDP–GTP exchange through the cognate BFA-sensitive regulator
ARF–GEF (see below). In the case of PIN1 recycling, the ARF–GEF
GNOM is the BFA target, as indicated by its co-localization with
PIN1 trapped in BFA compartments and by BFA-insensitive PIN1
recycling to the PM in the presence of engineered BFA-resistant
GNOM (Geldner et al., 2003). In contrast to PIN1, GNOM is
not essential for recycling of PIN2, AUX1, and PM-H+-ATPase
(Geldner et al., 2003). Thus, there are also GNOM-independent
recycling pathways from endosomes to the PM.

Clathrin-mediated endocytosis in plants has been demon-
strated for PIN proteins and the endocytic tracer FM4-64, using
both overexpression of the dominant-negative hub fragment of the
clathrin heavy chain and T-DNA insertional clathrin heavy chain
mutants (Dhonukshe et al., 2007; Robert et al., 2010; Kitakura
et al., 2011). Wortmannin has also been widely used to interfere
with endocytosis (Emans et al., 2002; Reichardt et al., 2007; Ebine
et al., 2011), in addition to its known disruptive effects on vac-
uolar trafficking, although this drug has rather ill-defined effects
on endosomes (see above). Wortmannin was recently shown to
cause aggregation of clathrin at the PM, which might explain the
inhibitory effect of wortmannin on endocytosis (Ito et al., 2011).

Clathrin is also involved in the retrieval of PIN protein from
the cell plate where PIN interacts with dynamin-related protein 1A
(DRP1A; see below; Mravec et al., 2011), although clathrin often
does not clearly colocalize with DRP1A at the cell plate (Ito et al.,
2011). Thus, the molecular machinery of protein retrieval from

the cell-plate appears to be similar to that of endocytosis. Whereas
PIN1 is endocytosed from the cell plate and then retargeted to the
PM, the cytokinesis-specific syntaxin KNOLLE/SYP111 is endo-
cytosed and then delivered to the LV for degradation (Reichardt
et al., 2007). Hence there must be a selective sorting mechanism,
possibly at the TGN or cell plate (see below).

Clathrin-mediated endocytosis in mammalian cells also
involves the AP-2 complex, with its μ-adaptin subunit selecting
cargo with a tyrosine-based sorting motif for internalization from
the PM (reviewed in Boehm and Bonifacino, 2001). Tyrphostin
A23 is a competitive inhibitor of the interaction of the sorting
sequence Yxxφ (where Y is a tyrosine, x is any amino acid, and φ is
a bulky hydrophobic residue) of cargo proteins with the medium
(μ2) subunit of mammalian AP-2 complex, and this has been
used to explore clathrin-dependent trafficking pathways (Ban-
bury et al., 2003). In plants, tyrphostin A23, but not its structural
analog tyrphostin A51, inhibits endocytosis of FM4-64, and the
artificially expressed human transferrin receptor (Ortiz-Zapater
et al., 2006; Dhonukshe et al., 2007). Although tyrphostin A23
appears to have non-specific deleterious effects in plant cells (see
below), the inhibitory effect of tyrphostin A23 might result from
the existence of a plant equivalent to μ2 adaptin, which has not
been identified. There is also clathrin-independent endocytosis
which, however, has not been well analyzed in plants. So far, a
distinct route of endocytosis has been demonstrated by ultrastruc-
tural tracing of charged nanogold in the presence of ikarugamycin,
which inhibits clathrin-dependent endocytosis (Moscatelli et al.,
2007; Onelli et al., 2008). It will be important to study the under-
lying mechanism of this presumed novel endocytic route at the
molecular level.

If not recycled, PM proteins are delivered, via PVCs/MVBs, to
the LV for degradation (Kleine-Vehn et al., 2008;Viotti et al., 2010).
It is not at all clear where the two routes of recycling and degrada-
tion diverge among the post-Golgi endosomal compartments in
plants. All endocytosed PM proteins are delivered to the TGN/EE.
If the MVBs indeed mature from some subdomain of TGNs and
the REs are also derived from TGNs, the sorting would likely occur
at the TGNs (see above). Apart from the difficulty of ultrastruc-
turally identifying REs, there are conflicting (or incomplete) data
regarding the recycling vs. degradation. For example, the sorting
nexin 1 (SNX1)-labeled PVC/MVB has been proposed to be the
site of sorting (Jaillais et al., 2006). However, PM proteins to be
recycled have not been detected at the PVC/MVB (Viotti et al.,
2010). Instead, the recycling pathway might be affected indirectly
by interfering with vacuolar trafficking.

Ubiquitination is likely an endocytic signal for PM proteins
to be targeted to the vacuole for degradation (Abas et al., 2006;
Kleine-Vehn et al., 2008). After having been trafficked to the endo-
somes, ubiquitinated proteins seem to be recognized by ESCRTs
complexes, which in turn promote MVB formation (Spitzer et al.,
2006; Otegui and Spitzer, 2008). For example, PIN1, PIN2, and
AUX1 proteins are known cargo proteins of the ESCRT machinery
(Spitzer et al., 2009). As an example for ligand-dependent endo-
cytosis, the immunity-related pattern recognition receptor FLS2
is degraded in response to ubiquitination and BAK1-mediated
phosphorylation triggered by the bacterial elicitor flagellin 22
(Lu et al., 2011). Similarly, endocytosis of IRON-REGULATED
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TRANSPORTER 1 (IRT1) and traffic of BOR1 from the PM to the
LV depend on their ubiquitination (Barberon et al., 2011; Kasai
et al., 2011).

VACUOLAR CARGO TRAFFICKING PATHWAY(s)
Newly synthesized soluble cargo proteins destined to the vacuoles
need an N- or a C-terminal vacuolar sorting sequence (known as
NTPP or CTPP), as supported by the vacuolar trafficking of NTPP-
tagged ER-translocated secGFP (Di Sansebastiano et al., 1998).
Generally, LV- and PSV-destined soluble cargo proteins have NTPP
and CTPP, respectively, as sorting sequences that are thought to
bind to corresponding VSRs for targeted delivery. VSR1/ELP (one
of seven homologs), for example, recognizes the N-terminal sort-
ing sequence, NPIR, of AALP or sporamin at the TGN/EE for
sorting, and delivery to the MVB/PVC (Sanderfoot et al., 1998;
Ahmed et al., 2000). However, this notion was questioned recently
by the observation that transiently expressed ER-anchored pea
VSR caused retention of soluble vacuolar cargo molecules in the
ER (Niemes et al., 2011), suggesting that sorting to the vacuole may
occur at an earlier step. More direct evidence is needed to identify
the endomembrane compartment(s) at which VSRs interact with
their vacuolar cargo proteins normally.

The VSR1/ELP interacts with the μ1 medium subunit of
the mammalian AP-1 complex and with Arabidopsis μA-adaptin
in vitro through a tyrosine residue-based sorting sequence, YMPL
(Sanderfoot et al., 1998; Ahmed et al., 2000), implying that
clathrin-coated vesicles (CCVs) are likely involved in vacuolar traf-
ficking. However, this idea was challenged by the recent observa-
tion that transient overexpression of the truncated clathrin heavy
chain, the so-called clathrin hub, does not interfere with vacuolar
trafficking, which was consistent with the alternative MVB mat-
uration model (Scheuring et al., 2011). However, it is not known
how efficiently the clathrin hub interferes with CCV formation
(see below),although endocytosis of FM4-64,PIN1,and PIN2 pro-
teins is clearly inhibited (Dhonukshe et al., 2007; Scheuring et al.,
2011). Moreover, the MVB maturation model does not explain
why a mutation of the adaptor protein (AP) complex-recognition
sequence, YMPL, of pea VSR causes its mistargeting in tobacco
protoplasts (daSilva et al., 2006) and why homodimerization-
defective VSR1 is less detected in a CCV-enriched fraction in
Arabidopsis leaf than is pea VSR (Kirsch et al., 1994; Kim et al.,
2010). Arabidopsis VSR2 and a lily ortholog, LIVSR, have been
reported to localize at the PM in germinating lily or tobacco
pollen tubes (Wang et al., 2010, 2011). However, the significance
of this observation for the regulation of vacuolar sorting is entirely
unclear.

Unlike vacuolar trafficking of soluble cargo proteins, not much
is known about sorting mechanisms of membrane proteins.
AtβFructosidase 4 (βFruct4) appears to require multiple specific
sequences for stepwise sorting from the TGN via the MVB to the
vacuole in Arabidopsis (Jung et al., 2011). In the tobacco epidermis,
differential trafficking mechanisms are involved in the vacuolar
trafficking of several membrane proteins tested (Bottanelli et al.,
2011a).

Generally, soluble cargo proteins are thought to be released
from VSR at the PVCs/MVBs, although there is no conclusive
molecular evidence for this. Whereas soluble cargo proteins are

delivered to the vacuole via membrane fusion of the PVCs/MVBs
with the vacuole (Scheuring et al., 2011), VSR was presumed to
be recycled from the PVCs/MVBs to the TGN/EE by the retromer
complex (Sanderfoot et al., 1998; daSilva et al., 2005; Oliviusson
et al., 2006; Jaillais et al., 2007). However, this long-held belief has
recently been questioned by the controversial localization of the
retromer complex to the TGN, rather than the MVB, in Arabidop-
sis and tobacco (Jaillais et al., 2006, 2007, 2008; Niemes et al., 2010;
Pourcher et al., 2010). The localization of the retromer complex to
the TGN would be consistent with the maturation model for the
origin of the MVB (see above).

Fusion of the PVCs/MVBs with the vacuole may require Qa-
SNARE SYP2 proteins and the homotypic fusion and protein
sorting/class C-VPS protein (HOPS/C-VPS) complex comprising
the Arabidopsis VPS16-homolog VCL1, VPS11, and VPS33 (Rojo
et al., 2001, 2003; Shirakawa et al., 2010). However, the latter two
proteins have yet to be functionally studied.

Different trafficking pathways to the PSV have been shown in
diverse species including pumpkin, bean, and Arabidopsis (Frige-
rio et al., 1998; Hara-Nishimura et al., 1998; Hinz et al., 1999;
Park et al., 2004, 2005). RMRs are suggested to be PSV sort-
ing receptors in Arabidopsis, tobacco, and rice (Jiang et al., 2000;
Park et al., 2005, 2007; Hinz et al., 2007). RMRs were studied
in Arabidopsis and rice. RMR1 and RMR2 have been localized
at the Golgi, a PVC-like organelle and the PSV (or protein bod-
ies); these proteins interact with the C-terminal vacuolar sorting
sequences of storage proteins in vitro (Park et al., 2005, 2007;
Hinz et al., 2007). Unlike VSRs in lytic vacuolar traffic, RMRs
appear not to be recycled and instead are bound to the aggre-
gates of soluble cargo proteins (Park et al., 2007). More recent
mutant studies in Arabidopsis have challenged the role of RMRs
in PSV trafficking and identified VSR1, VSR3, and VSR4 as the
major sorting receptors that function redundantly in the target-
ing of soluble cargo proteins to the PSV and the LV/CV (Shimada
et al., 2003; Zouhar et al., 2010). This result suggests that VSRs
presumably fulfill multiple functions and that vacuolar biogene-
sis of PSV and LV/CV might be closely linked, especially in early
embryogenesis.

ASYMMETRIC LOCALIZATION OF PLASMA-MEMBRANE PROTEINS
Most PM proteins are located in the PM all around the cell rather
than being confined to a specific surface area (Geldner and Jür-
gens, 2006; Geldner et al., 2007). However, several PM proteins
localize polarly or asymmetrically, i.e., on one side of the cell
(Steinmann et al., 1999; Swarup et al., 2004; Takano et al., 2005,
2010). These include several members of the PIN family of auxin-
efflux carriers as well as other PM proteins such as BOR1 and
its paralog BOR4 (Miwa et al., 2007), the boron importer NIP5;1
(Takano et al., 2010), exporter PIS1/PDR9/ABCG37 of the plant
hormone precursor indole-3-butyric acid (Langowski et al., 2010),
the Casparian strip membrane domain proteins CASPs in the
endodermis (Roppolo et al., 2011), and the ABCG-type trans-
porter DSO/AtWBC11 in the epidermis (Panikashvili et al., 2007).
In addition, the GPI-anchored COBRA protein is present only on
the lateral surfaces of root vascular cells (Schindelman et al., 2001).
How the polar localization comes about has not been well studied
in most cases. For PIN1, however, it was demonstrated that the
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initial accumulation in the PM is non-polar, which might reflect
non-polar secretory trafficking, whereas endocytosis and targeted
recycling bring about the polar localization of PIN1 (Dhonuk-
she et al., 2008). PIN1 is actively localized at the basal PM in
the root vasculature by the ARF–GEF GNOM and PP2A phos-
phatases that counteract the PINOID kinase (Steinmann et al.,
1999; Michniewicz et al., 2007). In contrast, PIN2 localizes at the
PM apically and basally in the epidermis and cortex, respectively,
and only the basal localization seems to be dependent on GNOM
function (Geldner et al., 2003). In general, apical targeting of PIN
proteins requires the PINOID kinase and its homologs WAG1
and WAG2, which phosphorylate their PIN substrates (Dhonuk-
she et al., 2010). Additionally, the sterol composition mediated by
the ER-residing CPI1 affects PIN2 redistribution after cytokine-
sis (Men et al., 2008). PIN3, which is required for phototropism,
locates polarly at the PM of epidermis, cortex, endodermis, and
vasculature, but apolarly in the columella (Friml et al., 2002). Upon
shading, PIN3 relocates polarly toward the inner membrane of
the endodermis, which depends on the function of GNOM and
PINOID, and thus triggers apical hook development (Ding et al.,
2011). Whereas the polar localization of some PIN transporter
might reflect the (changeable) direction of auxin flow, the polar
localization of other PM proteins might rather reflect the intrinsic
polarity of the cell in which they are expressed. This might apply
to DSO in the outer PM of the epidermis or BOR1 in the inner
PM of various root cells including the epidermis, endodermis, and
columella. BOR1 accumulation, but not its polarity, responds to
changes in the external supply of boron. BOR1 cycles between the
PM and endosomes when the external concentration of boron is
low; however, BOR1 is fast endocytosed and delivered to the LV
when the root is exposed to a high concentration of boron (Takano
et al., 2005, 2010). Tyrosine residues appear to be important in
BOR1 turnover (Takano et al., 2010), although their specific role
is not clear.

MOLECULAR PLAYERS OF POST-GOLGI TRAFFIC
VESICLE FORMATION BY ARF GTPases AND THEIR REGULATORS,
ARF–GEFs, AND ARF–GAPs
Small GTPases of the ARF family recruit coat proteins by under-
going GTP/GDP exchange cycles that are tightly controlled by
specific regulatory proteins, ARF–GEFs, and ARF–GAPs. The Ara-
bidopsis genome encodes approx. one dozen ARF GTPases; the
precise number is unknown because divergent ARFs cannot easily
be distinguished from functionally distinct ARLs (ARF-LIKE pro-
teins). Of the three eukaryotic ARF classes, only ARF1 isoforms are
present in plants, which, on the other hand, also have plant-specific
ARF classes such as ARFA and ARFB (and possibly additional ARF
classes; Jürgens and Geldner,2002). ARF1 predominantly accumu-
lates at the TGN/EE and the Golgi stacks and thus likely recruits
both COPI and AP complex/clathrin coat proteins (Pimpl et al.,
2000; Matheson et al., 2007; Stierhof and El Kasmi, 2010). Barley
isoforms of ARF1 named ARFA1b/1c function in callose depo-
sition and preinvasive basal defense and have been localized to
MVBs (Böhlenius et al., 2010). However, this localization has been
disputed (Robinson et al., 2011). Plant-specific ARFB was detected
at the PM and proposed to be the plant equivalent of mam-
malian ARF6, although no functional assays have been performed

(Matheson et al., 2008). Moreover, there is no ortholog of the
mammalian ARF6 exchange factor EFA6 in Arabidopsis.

The Arabidopsis genome encodes eight ARF–GEFs that are all
150–220 kDa in size and can be grouped into two clades related to
human GBF1 and BIG, respectively (Anders and Jürgens, 2008).
Importantly, BFA can be used to conditionally inactivate specific
ARF–GEFs and thus determine the trafficking pathways these
ARF–GEFs regulate. Sensitivity or resistance to BFA critically
depends on specific amino acids in the catalytic SEC7 domain of
ARF–GEFs, which forms the basis for engineering fully functional
BFA-sensitive or BFA-resistant variants of ARF–GEFs (Geldner
et al., 2003; Richter et al., 2007). BFA-sensitive GNOM regu-
lates endosomal recycling of PIN1 and PIN3 proteins (Geldner
et al., 2003; Ding et al., 2011), but only partially the recycling of
PIN2 and PM-localized H+-ATPase (Geldner et al., 2003), which
suggests the existence of multiple recycling pathways. A similar
conclusion could be drawn from the observation that the small
compound endosidin 1 has differential effects on endocytic traf-
ficking of several proteins tested (Robert et al., 2008). Additionally,
GNOM functionally complements its closest homolog GNOM-
LIKE 1 (GNL1), which is BFA-insensitive and functions in COPI
complex recruitment at the Golgi stacks in retrograde traffic to
the ER (Richter et al., 2007). Recently, GNOM was proposed to
act in the internalization of FM4-64 at the PM (Naramoto et al.,
2010). The third GBF1-related ARF–GEF, GNOM-LIKE 2 (GNL2)
is required for pollen germination (Jia et al., 2009). GNL2 appears
to be functionally related to GNOM, being able to mediate polar
recycling of PIN1 when ectopically expressed in the seedling root
(Richter et al., 2011). Interestingly, GNOM and GNL2 promote
polar growth of root hairs and pollen tubes, respectively (Richter
et al., 2011). The BIG clade comprises five members. Not much is
known about BIG1 to BIG4. The catalytic SEC7 domain of BIG3
(originally designated BIG2) was demonstrated to catalyze the
nucleotide exchange on ARF1 in vitro in a BFA-insensitive manner
(Nielsen et al., 2006). BIG5 (also known as MIN7 or BEN1) was
shown to play a role in immunity, being degraded in response to
its interaction with the HopM1 effector of Pseudomonas (Nomura
et al., 2006). Additionally, BIG5 might act in the trafficking of
PIN1, PIN2, and PM-ATPase from the TGN/EE to the RE (Tanaka
et al., 2009).

The Arabidopsis genome encodes 15 ARF–GAPs that are
grouped into four different classes (Jürgens and Geldner, 2002).
Class 1 ARF–GAP VASICULAR NETWORK DEFECTIVE 3
(VAN3), also known as SCARFACE (SFC) and ARF–GAP domain
protein 3 (AGD3), locates at the TGN (Koizumi et al., 2005;
Sieburth et al., 2006). More recently, VAN3 was proposed to be
a putative ARF–GAP counteracting GNOM at the PM by regulat-
ing endocytosis of PIN1 (Naramoto et al., 2010). NEVERSHED
(NEV)/AGD5, an ortholog of yeast Age2, functions in the traffick-
ing of cargo molecules for floral organ abscission at the TGN/EE
and RAB-A1-positive endosomes (Liljegren et al., 2009). RPA and
AGD1 were shown to act in root hair growth (Song et al., 2006b;
Yoo et al., 2008). The rice ARF–GAP OsAGAP is involved in vesicle
traffic in the auxin-influx pathway (Zhuang et al., 2006). How-
ever, the ARF-substrate specificity of ARF–GAPs has been barely
analyzed. For example, ARF–GAPs AGD5, AGD7, and RPA were
shown to activate ARF1 in vitro (Song et al., 2006b; Min et al., 2007;
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Stefano et al., 2010). In addition, AGD5 was shown to interact also
with ARFB in vitro (Stefano et al., 2010). Interestingly,AGD7 inter-
acts with ARF1 in vivo, and overexpression of AGD7 inhibits γCOP
recruitment to the Golgi membrane and also disrupts anterograde
ER-Golgi traffic (Min et al., 2007).

MEMBRANE VESICLE COAT PROTEINS
Unlike mammals, Arabidopsis lacks the equivalent of caveolin coat
protein. Furthermore, stonin and Golgi-localizing γ-ear homol-
ogy, ARF-binding protein (GGA) are not found in Arabidopsis
(Boehm and Bonifacino, 2001). Thus, clathrin presumably plays
a major role in plant post-Golgi traffic by binding to AP com-
plexes. Non-coated secretory vesicles (SV) have been observed at
the Golgi/TGN by electron tomography and proposed to deliver
mainly secretory cargo proteins to the PM (Staehelin et al., 1990;
Kang et al., 2011). However, the functional significance of the
non-coated vesicles has not been demonstrated.

The Arabidopsis genome encodes three and two homologs of
clathrin light chain and clathrin heavy chain, respectively, which
have been detected at the TGN, the cell plate, and the PM (Otegui
et al., 2001; Dhonukshe et al., 2007; Mravec et al., 2011). Recently,
the clathrin light chain was also shown to be associated with
ARA6/RAB-F1-positive MVBs, but not with RHA1/RAB-F2a-
positive MVBs (Ito et al., 2011). To date, however, there is no report
on the participation of clathrin plaques in membrane invagination
at the MVBs in plants, although a thick layer of ESCRTs complexes
had been observed at the limiting surface of PVCs/MVBs (Tse
et al., 2006; Stierhof and El Kasmi, 2010). Thus, further analysis
is needed to define the role of clathrin at ARA6/RAB-F1-positive
MVBs.

Up to now, functional and pharmacological analyses have
demonstrated the involvement of clathrin in endocytosis in
Arabidopsis and tobacco (Dhonukshe et al., 2007; Zhao et al.,
2010; Kitakura et al., 2011). Tyrphostin A23 is broadly used to
explore clathrin-dependent trafficking pathways (Banbury et al.,
2003; Ortiz-Zapater et al., 2006; Dhonukshe et al., 2007). However,
tyrphostin A23 appears to have non-specific deleterious effects
in Arabidopsis and tobacco cells (I. Reichardt and G. Jürgens,
unpublished data; also reviewed in Robinson et al., 2008). Hence,
proper controls are absolutely necessary to distinguish specific
from non-specific interference when tyrphostin A23 is used to
study membrane traffic.

The clathrin hub has been used to interfere with clathrin-
mediated trafficking pathways in mammals and plants (Liu et al.,
1995; Dhonukshe et al., 2007). This fragment comprises the C-
terminal third of the clathrin heavy chain and is supposed to
compete with the endogenous clathrin heavy chain in interacting
with clathrin light chains (Liu et al., 1995). Fortunately, the find-
ing of clathrin-dependency in endocytosis that had been revealed
by the combinational approaches of the clathrin hub overex-
pression and tyrphostin A23 was consistent with the results of
a functional study of clathrin heavy chain mutants (Dhonukshe
et al., 2007; Robert et al., 2010; Kitakura et al., 2011). Based on
both clathrin hub overexpression and ultrastructural analysis of
PVC/MVB, the vacuolar trafficking pathway was proposed to be
clathrin-independent (Scheuring et al., 2011). In our knowledge,
however, it is not fully explained how the clathrin hub interferes
with CCV formation at the molecular level in plants. For example,

do all three clathrin light chain proteins have the same affinities for
the clathrin hub? Thus, an in-depth functional study of clathrin is
needed to elucidate fully the role of clathrin in plant membrane
traffic.

Heterotetrameric AP complexes recognize a tyrosine- or
dileucine-based sorting motif of cargo molecules, which in turn
recruit cytosolic clathrin to the membrane for CCV formation.
Although the sequence similarity of adaptins with their mam-
malian counterparts reveals four different types of AP complexes
and five homologs of the μ subunit (named as μA–μD instead
of μ1–μ4) in Arabidopsis (Boehm and Bonifacino, 2001), they
have been hardly studied in plants. In addition, the existence of an
additional AP complex (AP-5) locating at the LE has been recently
demonstrated in mammalian cells; their homologs (μ5, β5, and ζ)
were found in Arabidopsis and Physcomitrella patens by sequence
similarity, even though their corresponding sigma subunit (σ5)
was not found yet (Hirst et al., 2011).

The AP-3 complex consisting of δ/β3/μD/σ3 seems to be
involved in vacuolar biogenesis (Feraru et al., 2010; Zwiewka et al.,
2011). Interestingly, elimination of the AP-3 complex appears to
have no obvious phenotypic effect. However, the knockout alleles
of AP-3 subunits β and δ suppress the zigzag (zig ) phenotype of
plants lacking the vacuolar trafficking Qb-SNARE VTI11, and zig
suppressor 4 (zip4) was identified as a loss-of-function allele of
μD adaptin (Niihama et al., 2009). μA was proposed to be the
putative medium subunit of the AP-1 complex as inferred from
the localization at the trans-Golgi in Arabidopsis and from the
in vitro interaction with the tyrosine sorting sequence of VSR-PS1
or TGN38 (Happel et al., 2004). However, there is no functional
in vivo evidence supporting this notion. The ENTH-domain con-
taining monomeric adaptor, Epsin1 is functionally involved in
vacuolar trafficking, but not in the secretory pathway (Song et al.,
2006a). Epsin R2 interacts in vitro with the AP-3 complex and
VTI12, giving a hint at its involvement in PSV traffic (Lee et al.,
2007). The ANTH-domain-bearing monomeric adaptor AP180
interacts with AtαC-adaptin, one of putative large subunits of AP-2
(Barth and Holstein, 2004).

VESICLE BUDDING BY DYNAMIN-RELATED GTPases
Dynamin-related proteins (DRPs) are GTPases that constrict or
pinch off membranes and thus function in vesicle budding from
diverse endomembrane compartments such as the PM, cell plate,
and Golgi/TGN and also mediate fission of mitochondria and
plastids (reviewed in Praefcke and McMahon, 2004; reviewed in
Pucadyil and Schmid, 2009). DRP2B/ADL6 is involved in the
vacuolar trafficking pathway (Jin et al., 2001; Lam et al., 2002).
Moreover, DRP2B/ADL6 and DRP1A/ADL1 participate in CCV
formation at the PM and cell plate (Fujimoto et al., 2010; Mravec
et al., 2011). DRP2A and DRP2B are functionally redundant, local-
ize to the tip of root hairs where endocytosis occurs and play an
essential role in gametophyte development (Taylor, 2011). Rice
BRITTLE CULM 3/OsDRP2B mediates vesicle trafficking involved
in cellulose biosynthesis (Li et al., 2010).

VESICLE TETHERING BY RAB GTPases AND TETHERING FACTORS
Tethering of transport vesicles to their target membrane requires
RAB GTPases and their effector proteins whereas the subsequent
fusion of the membranes is mediated by the SNARE fusion
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machinery and its regulators. The Arabidopsis genome encodes
57 RAB GTPases representing eight clades A–H (Rutherford and
Moore, 2002).

Arabidopsis RAB-E1d, which is related to mammalian Rab8 and
yeast Ypt2, locates at the Golgi, regulates the secretory pathway, but
not the vacuolar pathway, in the tobacco leaf epidermis, and inter-
acts with PM-residing PIP5K2 (Camacho et al., 2009; Bottanelli
et al., 2011a).

RAB-A2 and RAB-A3 localize at the VHA-a1-positive TGN and
also at the growing margin of the cell plate during cytokinesis
(Chow et al., 2008). In contrast, tobacco NtRAB11b labels Golgi
stacks in the apical clear zone of growing pollen tubes; GDP-locked
NtRAB11b inhibits traffic of exocytic and recycling vesicles to the
pollen tube tip (de Graaf et al., 2005). RAB-A4b affecting both
root hair and pollen tube growths preferentially labels the TGN
and cell-wall materials-containing SV near the PM in growing tips
(Preuss et al., 2004, 2006; Szumlanski and Nielsen, 2009; Kang
et al., 2011). These findings suggest a role for RAB-A class pro-
teins, which are related to mammalian recycling Rab11 and yeast
Ypt3, in exocytosis and recycling pathways. This idea might be also
supported by the observation that null mutations eliminating sub-
units of TRAPPII, which is a putative GEF for RAB-A1c, inhibit
the secretory pathway, but not vacuolar traffic (Qi et al., 2011).

There are three RAB-F class proteins in Arabidopsis.
Whereas RHA1/RAB-F2a and ARA7/RAB-F2b colocalize at the
PVCs/MVBs (Lee et al., 2004; Reichardt et al., 2007), plant-specific
ARA6/RAB-F1 locates in differential populations of the endo-
somes, although their localizations overlap to some extent (Ueda
et al., 2001, 2004). Additionally, ARA6/RAB-F1 is more resis-
tant to BFA than is ARA7/RAB-F2b (Ueda et al., 2004). While
the GDP-locked mutant of RAB-F2 proteins inhibits vacuolar
targeting of AALP in Arabidopsis transient assays, the homolo-
gous mutation of plant-specific ARA6/RAB-F1 does not (Ueda
et al., 2001; Sohn et al., 2003), suggesting that only RAB-F2
proteins act in vacuolar traffic. However, overexpression of the
nucleotide-free ARA6/RAB-F1 was recently shown to cause mis-
targeting of vacuolar soluble cargo proteins to the apoplast in
the tobacco epidermis (Bottanelli et al., 2011a). Similarly, a puta-
tive ARA6/RAB-F1 ortholog, m-Rabmc in Mesembryanthemum,
was also proposed to be involved in vacuolar targeting at the
PVCs/MVBs (Bolte et al., 2004). However, the loss-of-function
mutant of ARA6/RAB-F1 did not disturb substantially the vacuo-
lar transport of sporamin; moreover, whereas RAB-F2 proteins are
genetically linked to the vacuolar Qa-SNARE VAM3/SYP22/SGR,
ARA6/RAB-F1 is not (Ebine et al., 2011). In fact, the mutant phe-
notype of VAM3/SYP22/SGR was almost completely suppressed
by the loss-of-function mutation of ARA6/RAB-F1 (Ebine et al.,
2011), indicating the counteracting role of ARA6/RAB-F1 in
vacuolar trafficking mediated by VAM3/SYP22/SGR. Therefore,
ARA6/RAB-F1 is unlikely involved in vacuolar traffic in Arabidop-
sis, in contrast to RAB-F2. Instead, ARA6/RAB-F1 was shown to
modulate PEN1/SYP121–VAMP727-driven vesicle fusion at the
PM, which was elicited by environmental stimuli such as salin-
ity (Ebine et al., 2011). Thus, there are likely multiple types of
MVBs with distinct functions, although it is entirely unclear how
they might originate. These three RAB-F class proteins are acti-
vated by the same RAB-GEF, VPS9a, in vitro (Goh et al., 2007).

The in vivo situation might be more complex since the vps9a
mutant phenotype is suppressed by the overexpression of the
GTP-locked form of ARA7/RAB-F2b, but not of ARA6/RAB-F1
(Goh et al., 2007; Ebine et al., 2011). In the tobacco epidermis,
however, overexpression of VPS9a titrated out the negative effect
of the nucleotide-free ARA6/RAB-F1, but not of RHA1/RAB-
F2a (Bottanelli et al., 2011b). Thus, further analysis is required
to understand precisely the biological functions of these RAB-F
GTPases and their regulator, VPS9a.

RAB-H related to mammalian Rab6 was demonstrated to res-
cue the yeast ypt6 mutant, revealing its potential role in the retro-
grade trafficking from endosomes to the Golgi stacks (Bednarek
et al., 1994; Johansen et al., 2009), but this was not clearly
addressed.

Rice Rab7 belonging to the RAB-G subclass localizes at the
tonoplast in Arabidopsis transient assays, consistent with its pro-
posed involvement in vacuolar fusion (Nahm et al., 2003). By anal-
ogy, the overexpression of the nucleotide-free Arabidopsis Rab7
inhibits vacuolar targeting in tobacco epidermis (Bottanelli et al.,
2011a). Rice prenylated Rab acceptor, OsPRA1 was shown to affect
the fusion of PVCs/MVBs with the vacuole by interacting with
both VAM3/SYP22/SGR and OsRAB7 (Heo et al., 2010).

MEMBRANE FUSION BY SNARE COMPLEXES AND REGULATORY SM
PROTEINS
Membrane-anchored SNARE proteins form complexes that medi-
ate membrane fusion, e.g., between a transport vesicle and its
target membrane. Based on the analysis of yeast and mammalian
SNARE complexes, each SNARE complex comprises a helical
bundles of four SNARE domains (R, Qa, Qb, and Qc) that are
contributed by one R-SNARE protein on the vesicle and two
or three Q-SNARE (Qa, Qbc or Qa, Qb, and Qc) proteins on
the target membrane (Fasshauer et al., 1998). The Arabidopsis
genome encodes 54 SNARE proteins that grouped into 18 Qa-,
11 Qb-, 8 Qc-, and 14 R-SNAREs (Uemura et al., 2004). To
date, however, only a few SNARE complexes have been character-
ized. SNARE complexes comprising SYP4/TLG2 (Qa = syntaxin),
VTI1 (Qb), SYP61/OSM1 (Qc), and an unknown VAMP (R-
SNARE) protein mediate the fusion of PVC/MVB-derived vesicles
at the TGN (Sanderfoot et al., 2001; Uemura et al., 2004). The
SYP2 syntaxin family includes two members, PEP12/SYP21 and
VAM3/SYP22/SGR, that differ in subcellular location, PVC/MVB
vs. vacuole, but nonetheless are functionally redundant in vacuo-
lar trafficking (Foresti et al., 2006; Tyrrell et al., 2007; Shirakawa
et al., 2010; Uemura et al., 2010). However, RAB-F2 GTPases are
genetically linked to VAM3/SYP22/SGR, but not to PEP12/SYP21
(Ebine et al., 2011). Furthermore, the SNARE complex compris-
ing VAM3/SYP22/SGR (Qa), ZIG/VTI11 (Qb), SYP51 (Qc), and
VAMP727 (R-SNARE) protein is involved in vacuolar traffic, seed
maturation, vacuole biogenesis, and also in shoot gravitropism
(Sanderfoot et al., 1999; Yano et al., 2003). ZIG/VTI11 can substi-
tute forVTI12, which is related to PSV trafficking, but not vice versa
(Sanmartín et al., 2007).

Syntaxins (Qa-SNARE proteins) of the SYP1 family are prefer-
entially located at the PM except for KNOLLE/SYP111, which is
specifically targeted to the plane of cell division (Lauber et al., 1997;
Uemura et al., 2004; Enami et al., 2009; Reichardt et al., 2011).

Frontiers in Plant Science | Plant Physiology January 2012 | Volume 2 | Article 111 | 117

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Park and Jürgens Post-Golgi membrane traffic in plants

Interestingly, the closest KNOLLE homolog, SYP112, behaves like
KNOLLE when expressed from the KNOLLE promoter, although
SYP112 seems to have no function of its own (Müller et al., 2003).
Other SYP1 family members such as SYP124, SYP125, and SYP131
are exclusively expressed in pollen and SYP123 is preferentially
expressed in root hair cells (Enami et al., 2009; Silva et al., 2010).
Overexpression of cytosolic fragments lacking the hydrophobic tail
anchor of the PM-localized syntaxins PEN1/SYP121 and SYP122
and Qc-SNARE SYP71, which localizes at both the PM and the ER,
were shown to suppress secretion of secGFP (Geelen et al., 2002;
Tyrrell et al., 2007; Suwastika et al., 2008), but not of the chimeric
protein secGFP-PMEI1 (De Caroli et al., 2011). Thus these find-
ings suggest that there might be differentially regulated fusion
mechanisms at the PM. It should be noted that the dominant-
negative effect of the cytosolic fragment of PEN1/SYP121 is caused
by titrating out SNARE interaction partners such as SNAP33,
which possibly also form complexes with other SYP1 syntaxins
(see below). PM-resident PEN1/SYP121 (Qa) confers non-host
resistance to Arabidopsis against powdery mildew, forming SNARE
complexes with SNAP33 (Qbc) and VAMP721 or VAMP722 (R-
SNAREs; Collins et al., 2003; Assaad et al., 2004; Kwon et al.,
2008). PEN1/SYP121 and its close homolog SYP122 have some
overlapping function in plant growth but SYP122 cannot substi-
tute for PEN1/SYP121 in innate immunity (Assaad et al., 2004).
PEN1/SYP121 interacts also with a K+-channel in stomatal clo-
sure (Grefen et al., 2010; Eisenach et al., 2011) and its ABA-related
tobacco ortholog, NtSyr1/NtSYP121 is involved in vesicle traf-
ficking to the PM (Geelen et al., 2002). SYP132 is involved in
nodule symbiosis in Medicago and plant resistance against bacteria
in tobacco (Catalano et al., 2007; Kalde et al., 2007). SYP132 was
recently shown also to suppress the knolle mutant phenotype when
expressed from the KNOLLE promoter (Reichardt et al., 2011),
which is consistent with the accumulation of SYP132 at the cell
plate in addition to its ubiquitous occurrence at the PM (Enami
et al., 2009).

One of three SNAP25-orthologs, SNAP33 (Qbc-SNARE)
promiscuously interacts with KNOLLE/SYP111 and PEN1/SYP121
(Heese et al., 2001; Collins et al., 2003; Kwon et al., 2008). Although
snap33 mutant seedlings display some incomplete cell walls, they
only die later because of necrotic lesions (Heese et al., 2001). Inter-
estingly, the plant-specific Qb-SNARE, NPSN11 also interacts with
KNOLLE/SYP111 (Zheng et al., 2002). However, the composition
of KNOLLE-containing SNARE complexes is still unknown. Three
out of 14 VAMPs (R-SNAREs) in Arabidopsis have been function-
ally studied; VAMP721 and VAMP722 are functionally redundant
R-SNAREs of PEN1/SYP121 SNARE complexes and are essential
for plant development (Kwon et al., 2008). VAMP727 locating at
the subpopulation of PVCs/MVBs in the vicinity of the tonoplast
plays a role in the transport of storage protein and in the biogen-
esis of the PSV (Ebine et al., 2008). Additionally, VAMP727 also

interacts with the Qa-SNARE PEN1/SYP121 at the PM, possibly
stimulated by ARA6/RAB-F1 (Ebine et al., 2011).

Sec1/Munc18 (SM) family proteins confer specificity to mem-
brane fusion by embracing monomeric syntaxins or assembled
SNARE complexes (reviewed in Südhof and Rothman, 2009).
The Arabidopsis genome has six members of SM proteins: SLY1,
VPS45, VPS33, and three Sec1p homologs. VPS45 interacts with
the SNARE complex of SYP41/SYP61/VTI12 at the TGN/EE and
is involved in vacuolar trafficking (Zouhar et al., 2009). VPS33 is
located at the tonoplast and PVCs/MVBs, and was proposed to
be a member of the AtC–VPS complex that also comprises VCL1
and VPS11 (Rojo et al., 2003). Thus, VPS33 might be involved
in vacuolar biogenesis and homotypic membrane fusion. KEULE
is the only member of Sec1 homologs that has been function-
ally characterized in Arabidopsis. KEULE is required for cell-plate
formation, interacting with KNOLLE/SYP111 genetically and bio-
chemically (Waizenegger et al., 2000; Assaad et al., 2001). Addi-
tionally, KEULE might also act in root hair development, but
independently of KNOLLE/SYP111, as suggested by abnormal
root hair development in keule mutant seedlings (Assaad et al.,
2001).

PERSPECTIVES
Although substantial progress in the analysis of plant membrane
traffic has been achieved in recent years, there are still a number
of serious open questions that we need to address in order to fully
comprehend regulatory mechanisms underlying post-Golgi traf-
ficking. First of all, we do not know how post-Golgi compartments
originate and how they are established and maintained. More
specifically, the organization of endosomes needs to be thoroughly
analyzed ultrastructurally to clarify whether the diverse functions
attributed to “endosomes” are different aspects of the same struc-
ture or rather features of specific and distinct compartments. This
might also be important for the distinguishing between models
for the origin of specific compartments, e.g., MVB maturation.
It is also obvious that we need additional specific, both soluble
and membrane-bound, cargo markers for each traffic destination
for live imaging of trafficking pathways. All this should be com-
bined with the genetic tools available in Arabidopsis, which have
not been exploited fully and systematically to analyze regulatory
mechanisms in membrane traffic. Furthermore, the crucial role
of membrane lipids in post-Golgi traffic as well as raft-mediated
endocytosis (Men et al., 2008; Kale et al., 2010; Markham et al.,
2011) needs to be addressed in more detail.
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14-3-3 Dimers are well known to interact with diverse target proteins throughout eukary-
otes. Most notably, association of 14-3-3s commonly requires phosphorylation of a serine
or threonine residue within a specific sequence motif of the client protein. Studies with
a focus on individual target proteins have unequivocally demonstrated 14-3-3s to be the
crucial factors modifying the client’s activity state upon phosphorylation and, thus, finishing
the job initiated by a kinase. In this respect, a recent in-depth analysis of the rice transcrip-
tion factor FLOWERING LOCUS D1 (OsFD1) revealed 14-3-3s to be essential players in
floral induction. Such fascinating discoveries, however, can often be ascribed to the ran-
dom identification of 14-3-3 as an interaction partner of the favorite protein. In contrast,
our understanding of 14-3-3 function in higher organisms is frustratingly limited, mainly
due to an overwhelming spectrum of putative targets in combination with the existence
of a multigene 14-3-3 family. In this review we will discuss our current understanding of
the function of plant 14-3-3 proteins, taking into account recent surveys of the Arabidopsis
14-3-3 interactome.

Keywords: 14-3-3, interactome

14-3-3 Proteins mediate the effects of certain protein kinases
through their ability to bind well-defined phosphoserine or phos-
phothreonine containing peptide motifs (Muslin et al., 1996; Yaffe
et al., 1997; Johnson et al., 2010), the coordination of which finally
results in modification of the activity, stability, subcellular local-
ization or interaction capability of the client protein (reviewed
in Chevalier et al., 2009; Gökirmak et al., 2010). The fact that
14-3-3s form clamp-like dimers with each monomer capable of
binding a phosphopeptide within an amphipathic groove (see
Figure 1) immediately suggests that 14-3-3s function as an inter-
molecular bridge linking two different phosphoproteins. How-
ever, evidence that 14-3-3s act as adapters is surprisingly limited.
More commonly, a 14-3-3 dimer seems to engage with two tan-
dem phosphorylated sites in the same protein (Johnson et al.,
2010).

Research in recent years has revealed an impressive list of
putative 14-3-3 targets in both animals and plants (reviewed in
MacKintosh, 2004; Chevalier et al., 2009; Oecking and Jaspert,
2009; Gökirmak et al., 2010; Denison et al., 2011; Johnson
et al., 2011). The emerging picture is that 14-3-3s may func-
tion as dynamic coordinators of cellular responses to dis-
tinct signaling cues, due to their concerted regulation of cel-
lular signaling, organization, and metabolism. In other words,
depending on the environmental and cellular stimuli perceived
by a cell, a specific subset of 14-3-3 clients become phos-
phorylated and – upon 14-3-3 association – brings about
an integrated cellular response. Since 14-3-3 association nor-
mally relies on phosphorylation, such a scenario can in prin-
ciple be achieved by 14-3-3 dependent regulation of almost all

the substrates of particular kinases/phosphatases and/or of the
kinases/phosphatases themselves.

Historically, plant 14-3-3s were thought to play a prominent
role in primary metabolism (reviewed in Huber et al., 2002; Com-
parot et al., 2003; Denison et al., 2011) and ion homeostasis.
Several recent high-throughput proteomic studies, however, have
suggested them to also be key regulatory components in signaling
cascades, in particular phytohormone mediated processes. Since
some of these 14-3-3 interactions have already been reviewed
(Chevalier et al., 2009; Oecking and Jaspert, 2009; Gökirmak et al.,
2010; Denison et al., 2011) we will focus on recently identified
putative interactors in Arabidopsis that represent the “histori-
cal” and “novel” 14-3-3 targets, namely transporters and proteins
involved in hormonal signaling.

DO 14-3-3s FINE-TUNE MEMBRANE TRANSPORT
PROCESSES?
While defined K+-channels (Sottocornola et al., 2006; Latz et al.,
2007; Voelker et al., 2010) and the plasma membrane localized
P-type H+-ATPase are among the “old players” in the Arabidop-
sis 14-3-3 field (reviewed in Oecking and Jaspert, 2009; Denison
et al., 2011), recent studies have suggested a much wider diver-
sity of target proteins involved in membrane transport processes
than had previously been realized (Chang et al., 2009; Shin et al.,
2011). Table 1 summarizes these analyses, including data obtained
via a yeast two-hybrid screen in our lab (Oecking et al., unpub-
lished, see Table A1 in Appendix). There are several exciting
aspects that should be highlighted. The (putative) 14-3-3 clients
include:

www.frontiersin.org December 2011 | Volume 2 | Article 96 | 125

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2011.00096/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=28041&d=1&sname=ClaudiaOecking&name=Science
mailto:claudia.oecking@zmbp.{\penalty -\@M }uni-tuebingen.de
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Jaspert et al. Arabidopsis 14-3-3 proteins

FIGURE 1 | Ribbon plot of a 14-3-3 dimer (gray) in complex with two

phosphopeptides derived from the transcription factor OsFD1 (orange,

the phosphorylated residue is indicated by an arrow, respectively) and

two Hd3a proteins [color coded from the N-terminus (blue) to the

C-terminus (red)] (Taoka et al., 2011). While binding of the OsFD1
phosphopeptides occurs in an extended conformation within the
amphipathic groove of each 14-3-3 monomer, the “florigen” Hd3a attaches
to the “outside” of the groove, respectively.

(i) All three proton-pumps found in plant cells [i.e., P-type
Arabidopsis H+-ATPase (AHA), V-type H+-ATPase (VHA),
and the H+-pyrophosphatase (H+-PPase)]. These primary
active transporters establish proton gradients across plasma
and endosomal membranes, thus enabling secondary active
transport processes and/or endosomal acidification (Gaxiola
et al., 2007). This suggests 14-3-3s to be of central impor-
tance for the interdependent posttranslational regulation of
the cellular complement of proton-pumps. However, with
the exception of the P-type H+-ATPase which is activated by
14-3-3s (reviewed in Duby and Boutry, 2009), the functional
consequences of their interaction with the remaining proton-
pumps are not yet known. Furthermore, the major role of the
H+-PPase AVP1 has recently been shown to rely on removal
of inhibitory cytosolic PPi rather than acidification of the
vacuole (Ferjani et al., 2011).

(ii) Other members of the P-type ATPase family (reviewed in
Axelsen and Palmgren, 2001) that transport calcium (ACA or
ECA, reviewed in Geisler et al., 2000; Bonza and De Michelis,
2011) or metals (HMA, reviewed in Krämer et al., 2007) and
are, thus, essential for cellular ion homeostasis.

(iii) Almost 20 pumps belonging to the ATP-binding cassette
(ABC) family (reviewed in Martinoia et al., 2002), the mem-
bers of which can carry large organic molecules, including
the phytohormone auxin.

(iv) Several carriers – some of which act as proton symporters [see
(i)] – that permit the uptake of nutrients, such as phosphate,
sulfate, carbohydrates, and ammonium.

(v) A multitude of ion channels. Besides the“old players”mediat-
ing potassium transport, some poorly selective cation chan-
nels (cyclic nucleotide gated channel, CNGC), glutamate
receptors which are implicated in cellular Ca2+ homeosta-
sis [see (ii)] as well as voltage-dependent anion-selective
channels (VDAC) may be subject to 14-3-3 regulation.

(vi) Finally some aquaporins (reviewed in Maurel et al., 2008)
localized either in the plasma membrane (PIP) or the tono-
plast (TIP) and known to facilitate the transport of water
and/or gases, amongst others.

Taken together, this suggests that 14-3-3 proteins exert
an impressively widespread influence on membrane transport
processes in plants. Since plants are experts in maintaining optimal
metabolic conditions under numerous environmental constraints,
14-3-3s may be the key to a tight and coordinated regulation of
transporters that are directly or indirectly involved in ion and
nutrient transport. Nevertheless, the number and diversity of these
putative 14-3-3 clients are also somewhat intimidating and give
rise to numerous questions. Which signals regulate which targets
and which kinases are involved? Which mechanisms could elicit a
concerted regulation of transporters whose interplay would make
sense, such as proton-pumps and secondary active transporters?
As the list of 14-3-3 clients is continually growing, the question
whether the cellular “14-3-3 pool” is limiting under certain cir-
cumstances is becoming more important. However, it should be
noted that, in the majority of cases, a mere handful of transporters
has been identified. Indeed, the bulk of the above-mentioned
clients was discovered by one study (Shin et al., 2011), suggest-
ing that the given developmental stage and growth conditions
of the plant material used favor 14-3-3 mediated regulation of
membrane transporters.

ARE 14-3-3s GENERAL REGULATORS OF PHYTOHORMONE
MEDIATED PROCESSES?
Meanwhile, Arabidopsis 14-3-3 proteins have been proved to be
important mediators in signaling cascades (reviewed in Cheva-
lier et al., 2009; Oecking and Jaspert, 2009; Gökirmak et al., 2010;
Denison et al., 2011). This breakthrough was achieved by sev-
eral elegant studies demonstrating 14-3-3s to be essential players
in brassinosteroid (BR) signaling due to their modification of the
subcellular localization of key transcription factors, such as brassi-
nazole resistant1 (BZR1; Gampala et al., 2007; Ryu et al., 2007)
and BRI1 EMS suppressor1 (BES1; Ryu et al., 2010). Currently
available Arabidopsis 14-3-3 interactome data moreover suggest
14-3-3s to participate in processes mediated by almost any phyto-
hormone (Chang et al., 2009; Paul et al., 2009; Shin et al., 2011;
Swatek et al., 2011; summarized in Table 2 which includes data
obtained via a yeast two-hybrid screen in our lab; Oecking et al.,
unpublished, see Table A1 in Appendix). First of all, not only a
multitude of further proteins likewise involved in BR signaling but
also polypeptides critical for its biosynthesis have been identified
as potential 14-3-3 clients. A comparable scenario emerges with
respect to the gaseous hormone ethylene (Table 2). At present, we
can only speculate as to why multiple 14-3-3 interactions might be
required to control a defined cellular response. One conceivable
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Table 1 | A summary of prominent membrane transporters recently identified as putative Arabidopsis 14-3-3 interactors.

Category of

transporter

Putative 14-3-3 client Transported

molecule

Detection of

interaction

Reference

PUMP

P-type ATPase AHA1, AHA2 H+ Y2H Oecking et al. (unpublished) (seeTable A1 in

Appendix)

AHA2 Y2H Arabidopsis Interactome Mapping Consortium (2011)

AHA2, AHA3, AHA10 AC Shin et al. (2011)

AHA6 TAP, Y2H Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011)

ACA2, ECA1, ECA2 Ca2+ AC Shin et al. (2011)

HMA4 Heavy metals TAP, Y2H Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011)

HMA6, HMA7 AC Shin et al. (2011)

V-type ATPase VHA-A, VHA-B2 H+ AC Shin et al. (2011)

VHA-H Y2H Oecking et al. (unpublished) (seeTable A1 in

Appendix)

H+-PPase AVP1 H+ Y2H Oecking et al. (unpublished) (seeTable A1 in

Appendix)

AVP2 AC Shin et al. (2011)

ABC transporter 20 Isoforms belonging to

subgroups A, B, C, or G

Organic molecules AC Shin et al. (2011)

CARRIER

H+-symporter SUC6, TMT1, STP14 Carbohydrates AC Shin et al. (2011)

STP4 Y2H Oecking et al. (unpublished) (seeTable A1 in Appendix)

SULTR1;3, SULTR2;1,

SULTR3;1, SULTR4;1

SO4
2− AC Shin et al. (2011)

PHT1;1, PHT1;6 PO4
2− AC Shin et al. (2011)

PHT3;1 Y2H Oecking et al. (unpublished) (seeTable A1 in Appendix)

CAX2 Ca2+ AC Shin et al. (2011)

Facilitator AMT1;1 NH4
+ AC Shin et al. (2011)

COPT1 copper Y2H Oecking et al. (unpublished) (seeTable A1 in Appendix)

KUP6, KUP7 K+ AC Shin et al. (2011)

MGT2 Magnesium Y2H Arabidopsis Interactome Mapping Consortium (2011)

ZIP10 Zinc AC Shin et al. (2011)

CHANNEL

Tandem pore K+

channel

TPK1 K+ GST-PD, SPR Latz et al. (2007)
TPK3 AC Shin et al. (2011)

TPK1, TPK5 Y2H, BiFC Voelker et al. (2010)

Shaker K+ channel KAT1 K+ In vitro overlay Sottocornola et al. (2006)

AKT2, AKT5 AC Shin et al. (2011)

GORK TAP, Y2H Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011)

Cyclic nucleotide

gated channel (CNGC)

Isoforms 5, 6, 10, 18 Cations AC Shin et al. (2011)
isoform 17 Y2H Oecking et al. (unpublished) (seeTable A1 in Appendix)

Glutamate receptor Seven different isoforms Ca2+? TAP, Y2H, AC Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011), Shin et al. (2011)

Voltage-dependent

anion channel

VDAC1, VDAC2, VDAC3 Anions Y2H Oecking et al. (unpublished) (seeTable A1 in Appendix)

Aquaporin PIP1;2, PIP1;5, PIP2;7,

TIP1;2, TIP2;1

H2O, gases Y2H Oecking et al. (unpublished) (seeTable A1 in Appendix)

AC, 14-3-3 affinity chromatography of plant extracts; BiFC, bimolecular fluorescence complementation; PD, pull-down assay; SPR, surface plasmon resonance; TAP,

tandem affinity purification of 14-3-3 protein complexes; Y2H yeast two-hybrid.
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Table 2 | A summary of recently identified putative Arabidopsis 14-3-3 interactors involved in phytohormone signaling or biosynthesis.

Hormone

pathway

Putative 14-3-3 client Client’s function Detection of

interaction

Reference

BR signaling BRI1, BRL2, BAK1 Receptor/co-receptor TAP, Y2H Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011)

SERK1 Co-IP, Y2H Karlova et al. (2006), Arabidopsis Interactome Mapping

Consortium (2011)

BSU1, BSL1 Protein phosphatase TAP, Y2H Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011)

BZR1 Transcriptional regulator BiFC, Y2H Gampala et al. (2007), Ryu et al. (2007), Arabidopsis

Interactome Mapping Consortium (2011)

BES1 Co-IP, Y2H Ryu et al. (2010), Arabidopsis Interactome Mapping

Consortium (2011)

BEE3, BES1, BIM1, BZR1 Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

BR biosynthesis CYP85A19 BR-6-oxidase AC Shin et al. (2011)

CBB1/DWF1 Campesterol formation Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

Ethylene signaling ETR1 Receptor AC Shin et al. (2011)

EIN2 Membrane protein AC Shin et al. (2011)

ERF1, ERF9 Transcriptional regulator AC Shin et al. (2011)

ERF11 Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

Ethylene biosynthesis ACS6, ACS7, ACS8 ACC-synthase TAP, Y2H Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011)

ACS6, ACS10 AC Shin et al. (2011)

ACO2, ACO4 ACC-oxidase Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

EOL1, EOL2 ETO1-like: direct ACS

for degradation

TAP, Y2H Chang et al. (2009), Arabidopsis Interactome Mapping

Consortium (2011)

EOL2 AC Shin et al. (2011)

ABA signaling ABF1, ABF2, ABF3,

ABF4, ABI5

Transcriptional regulator Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

AREB3 Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

Arabidopsis Interactome Mapping Consortium (2011)

GA signaling RGA, RGL2 Transcriptional regulator AC Shin et al. (2011)

CK signaling ARR12 Transcriptional regulator AC Shin et al. (2011)

ARR2 Y2H Arabidopsis Interactome Mapping Consortium (2011)

CRF6 Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

CK homeostasis CKX3 CK oxidase AC Shin et al. (2011)

Auxin signaling ARF6, ARF15, ARF18 Transcriptional regulator AC Shin et al. (2011)

IAA14, IAA17, IAA18,

IAA19

Aux/IAA transcriptional

regulator

AC Shin et al. (2011)

Auxin homeostasis NIT1, NIT2 Nitrilase AC Paul et al. (2009)

NIT1 Y2H Oecking et al. (unpublished) (seeTableA1 in Appendix)

NIT3 AC Shin et al. (2011)

GH3.3, GH3.5 IAA amido synthetase AC Shin et al. (2011)

GH3.9 AC Swatek et al. (2011)

IAR4 IAA-conjugate resistant AC Shin et al. (2011)

AC, 14-3-3 affinity chromatography of plant extracts; BiFC, bimolecular fluorescence complementation; Co-IP, co-immunoprecipitation;TAP, tandem affinity purification

of 14-3-3 protein complexes; Y2H, yeast two-hybrid.

scenario is that 14-3-3 function as molecular gauges, thereby forc-
ing the cell to react to a given phytohormone according to the
signal strength. Taking into account that clients involved in several
cellular processes might compete for binding to 14-3-3s, numer-
ous targets within one defined pathway are assumed to channel
the overall cellular response.

Remarkably, the modification of transcriptional regulators
involved in hormonal signaling seems to be another hotspot in
Arabidopsis 14-3-3 biology. In this regard, several prominent pro-
teins, which act as either repressors or activators of gene expression
in BR (BZR1, BES1, BIM1), ethylene [ethylene responsive fac-
tor (ERF)], auxin [auxin/indole-3-acetic acid proteins (Aux/IAA),
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auxin response transcription factor (ARF)], gibberellin (GA)
[repressor of GA1-3 (RGA), RGA-like (RGL)], abscisic acid (ABA)
[ABA response element binding factor (ABF)], and cytokinin (CK)
[Arabidopsis response regulator (ARR), cytokinin response factor
(CRF)] responses, are among the putative 14-3-3 clients in Ara-
bidopsis (Table 2). In contrast to BZR1/BES1, which are retained
in the cytosol upon 14-3-3 association (Gampala et al., 2007; Ryu
et al., 2007, 2010), the members of the ABF subfamily of BASIC
REGION/LEUCINE ZIPPER (bZIP) transcription factors consti-
tutively localize to the nucleus, as shown for ABA INSENSITIVE 5
(ABI5; Lopez-Molina et al., 2002), ABF3 (Sirichandra et al., 2010)
and the rice homolog OREB1 (Hong et al., 2011).

In this respect, 14-3-3s have been proposed to be critical for
the stability of the ABF3 protein, the proteasomal turnover rate
of which is high in the absence of ABA and 14-3-3s (Sirichan-
dra et al., 2010). Even though 14-3-3 dependent modification of
transcriptional regulators mediating ethylene, auxin, GA, and CK
responses has yet to be verified, 14-3-3s might in summary be
far more important for assuring the developmental plasticity of
plants than has yet been assumed. The fact that more and more
proteins are identified as putative targets moreover implies that
14-3-3 interactions are highly dynamic which would enable the
cellular 14-3-3 “pool” to immediately and precisely react to altered
signaling cues.

14-3-3s ARE CRITICAL FOR FLORAL TRANSITION IN RICE
While global studies are essential to get an impression of the
extent of the plant 14-3-3 interactome, the necessity to address
the biological significance of individual interactions is more press-
ing than ever. In this respect, a recent study elegantly combining
biochemistry, cell biology, and genetics has impressively proved
14-3-3s to be essential components of the florigen activation com-
plex (FCA) that promotes flowering in the short day plant rice
(Taoka et al., 2011). The term “florigen” was created in 1936 and
refers to a molecule that is generated in leaves under inductive
photoperiodic conditions and subsequently transported to the
shoot apex (Chailakhyan, 1936). Evidence could only recently
be provided that the protein flowering locus T (FT) represents
such a long-distance signal in the facultative long day plant
Arabidopsis (Mathieu et al., 2007). In the shoot apex, a com-
plex of FT and the bZIP transcription factor flowering locus D
(FD) initiates floral development through transcriptional acti-
vation of floral identity genes (Abe et al., 2005; Wigge et al.,
2005).

Using the rice FT homolog Hd3a as a bait in a yeast two-
hybrid screen, (Taoka et al., 2011) identified rice 14-3-3 isoforms
as well as OsFD1, a rice homolog of the Arabidopsis FD, as puta-
tive binding partners. The initially astonishing observation that
Hd3a is unable to interact directly with OsFD1 gave rise to sub-
sequent in-depth analyses demonstrating 14-3-3s to mediate this
interaction. Remarkably, the binding sites in 14-3-3 for Hd3a and
OsFD1 are separated, indicating that the two partners bind in dif-
ferent manner. OsFD1 represents the typical 14-3-3 target, in that
its coordination within the typical groove of a 14-3-3 monomer
depends on phosphorylation. However, in contrast with most
physiological targets, Hd3a does not have to be phosphorylated
in order to associate with 14-3-3s. The obtained crystal structure

of the Hd3a:14-3-3 complex revealed a fascinating difference as
compared to the canonical 14-3-3 interactions: an unphospho-
rylated Hd3a monomer binds “on top” of each 14-3-3 monomer,
thus extending the W-shaped structure of the 14-3-3 dimer (Taoka
et al., 2011; Figure 1). Crystal soaking in the presence of a
phosphorylated OsFD1 peptide representing the 14-3-3 binding
site finally allowed the modeling of the FCA holocomplex com-
posed of 14-3-3, OsFD1 and Hd3a. Notably, even though 14-3-3s
mediate the Hd3a:OsFD1 interaction, the two proteins do not
come in contact with each other, suggesting 14-3-3s to function
as a platform enabling spatial proximity but not direct linkage
(Taoka et al., 2011). On the basis of cell biological data Taoka et al.
(2011) proposed a model according to which 14-3-3s act as cyto-
plasmic receptors for the “florigen” Hd3a in the shoot apex. Once
this protein couple enters the nucleus, a ternary complex includ-
ing phosphorylated OsFD1 is built, which in turn is retained in
the nucleus and activates transcription of genes crucial for flo-
ral induction. Finally, several experiments performed with mutant
versions of either Hd3a or OsFD1 that had lost their ability to inter-
act with 14-3-3s have impressively proved the in vivo significance
of 14-3-3 association for flowering in rice.

However, based upon the current structural knowledge nearly
each 14-3-3 client should be able to associate with the Hd3a:14-3-
3 complex. Thus, one crucial question is still unanswered: what
determines specificity of the Hd3a:14-3-3 complex to interact
exclusively with OsFD?

MINOR KNOWLEDGE ABOUT THE BIOLOGICAL ROLE OF
DISTINCT 14-3-3 ISOFORMS
The above-mentioned studies, demonstrating that 14-3-3s are of
the utmost importance for BR signaling and timing of floral tran-
sition, were focused on particular 14-3-3 client proteins and have
generated substantial insight into the function of plant 14-3-3s.
Considering the enormous quantity and functional complexity of
the recently identified putative 14-3-3 targets, the subset of which
may vary considerably as a function of the developmental and
physiological stage, the question as to whether Arabidopsis 14-
3-3 mutants can broaden our understanding of 14-3-3 function
becomes more and more critical. Arabidopsis expresses thirteen
14-3-3 isoforms that can be divided into two major phylogenetic
groups, the epsilon and the non-epsilon group, the latter consist-
ing of three organizational subgroups. Since the epsilon group
is considered to harbor living fossil isoforms which may fulfill
fundamental eukaryotic functions, non-epsilon members may be
responsible for organism-specific regulatory aspects.

The current knowledge about plants characterized by reduced
or absent expression of specific 14-3-3 isoforms is limited (see
Oecking and Jaspert, 2009; Denison et al., 2011). We identi-
fied T-DNA induced loss-of-function alleles of several individual
non-epsilon 14-3-3 isoforms, which collectively do not show a
statistically significant phenotype under normal growth condi-
tions. The same applies to the simultaneous loss-of-function of
two 14-3-3 isoforms (kappa/lambda) constituting a phylogenetic
non-epsilon subgroup, suggesting functional redundancy among
members of the non-epsilon group at least with respect to funda-
mental functions (data not shown). Beyond that, although lambda
and kappa were the most frequently 14-3-3 isoforms identified
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in a yeast two-hybrid screen to interact with BZR1, the corre-
sponding double knockout mutants did not display altered BR
responses (Gampala et al., 2007). Taken together, redundancy
of all non-epsilon isoforms independent of their belonging to
different phylogenetic subgroups is likely. Thus, higher order loss-
of-function mutants seem to be required to produce a phenotype,
which in turn is expected to be pleiotropic and is thus difficult
to interpret. Nevertheless, focusing on well-defined developmen-
tal stages could provide hints for the dominant and major 14-3-3
targets under the given circumstances.

What about epsilon group members? While many of the recent
proteome wide approaches in Arabidopsis have focused on the

identification of putative non-epsilon 14-3-3 interactors, only one
study compared two phylogenetically distinct isoforms (Swatek
et al., 2011). The results suggest not only isoform specificity of
several target proteins but also preference for 14-3-3 dimer for-
mation between phylogenetically similar 14-3-3 isoforms. Hence,
functional specialization may exist, at least between members of
the non-epsilon and epsilon group.
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APPENDIX

Table A1 | Results of a yeast two-hybrid screen using a cDNA library

obtained from 3 days old etiolated Arabidopsis seedlings (Kim et al.,

1997) and different Arabidopsis 14-3-3 isoforms as a bait.

Locus Gene name

MEMBRANETRANSPORTER

AT1G15690 H+-translocating inorganic pyrophosphatase (H+-PPase)

located in the vacuolar membrane (AVP1)

AT2G18960 Plasma membrane H+-ATPase1 (AHA1)

AT2G45960 Plasma membrane intrinsic protein (PIP1;2)

AT3G01280 Voltage-dependent anion channel 1 (VDAC1)

AT3G16240 Tonoplast intrinsic protein (TIP2;1)

AT3G19930 Sucrose hydrogen symporter, sugar transporter 4 (STP4)

AT3G26520 Tonoplast intrinsic protein (TIP1;2)

AT3G42050 Vacuolar ATPsynthase subunit H family protein (VHA-H)

AT4G30360 Cyclic nucleotide gated channel 17 (CNGC17)

AT4G30190 Plasma membrane H+-ATPase2 (AHA2)

AT4G35100 Plasma membrane intrinsic protein (PIP2;7)

AT5G14040 Phosphate transporter (PHT3;1)

AT5G15090 Voltage-dependent anion channel (VDAC3)

AT5G59030 Copper transporter 1 (COPT1)

AT5G67500 Voltage-dependent anion channel 2 (VDAC2)

HORMONE SIGNALING/BIOSYNTHESIS

AT1G05010 ACC-oxidase 4 (ACO4)/ethylene forming enzyme (EFE)

AT1G19350 BRI1-EMS-suppressor 1 (BES1)/brassinazole-resistant 2

(BZR2)

AT1G28370 Ethylene response factor 11 (ERF11)

AT1G45249 Abscisic acid responsive elements-binding factor 2 (ABF2)

AT1G49720 Abscisic acid responsive elements-binding factor 1 (ABF1)

AT1G62380 ACC-oxidase 2 (ACO2)

AT1G73830 BR enhanced expression 3 (BEE3)

AT1G75080 Brassinzole-resistent 1 (BZR1)

AT2G36270 Abscisic acid insensitive 5 (ABI5)

AT3G19290 Abscisic acid responsive elements-binding factor 4 (ABF4)

AT3G19820 Cabbage 1 (CBB1)/dwarf 1 (DWF1)

AT3G44310 Nitrilase 1 (NIT1)

AT3G56850 Abscisic acid responsive element binding protein 3

(AREB3)

AT3G61630 Cytokinin response factor 6 (CRF6)

AT4G34000 Abscisic acid responsive elements-binding factor 3 (ABF3)

AT5G08130 BES1-interacting Myc-like protein 1 (BIM1)

Shown are putative 14-3-3 interactors involved in either membrane transport

processes or phytohormone signaling/biosynthesis.
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Brassinosteroids (BRs) are plant hormones regulating growth and development. In interac-
tion with other hormones, they are involved in environmental cue responses. The present
model of the BR response pathway in Arabidopsis includes the perception of the hormone
by the plasma membrane (PM) receptor brassinosteroid insensitive 1 (BRI1) and its hetero-
oligomerization with the co-receptor BRI1-associated receptor kinase 1 (BAK1), followed
by the activation of a signaling-cascade finally resulting in the expression of BR-responsive
genes. New findings have shed light on the receptor density in the PM and on the molecular
mechanism of BR perception, which includes the hormone-induced formation of a platform
in the BRI1 extracellular domain for interaction with BAK1. Furthermore, new knowledge
on early, BRI1-initiated signaling events at the PM–cytoplasm interface has recently been
gained. In addition, a fast BR response pathway that modifies the membrane potential and
the expansion of the cell wall – both crucial processes preceding cell elongation growth –
have been identified. In this review, these latest findings are summarized and discussed
against the background of the present model of BRI1 signaling.
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THE PRESENT MODEL OF BRASSINOSTEROID SIGNALING
Brassinosteroids (BRs) are hormones regulating plant vegetative
and reproductive growth and development and are involved in
responses to many environmental cues, often in co-action with
other hormones (Mandava et al., 1988; Clouse and Sasse, 1998).
The present BR signaling-cascade model from the cell surface
receptor brassinosteroid insensitive 1 (BRI1) to nuclear transcrip-
tion factors, has been summarized in three recent reviews (Kim
and Wang, 2010; Clouse, 2011; Yang et al., 2011). In short: in the
absence of BR, BRI1 is maintained in an inactive state by the BRI1
kinase inhibitor 1 (BKI1). Signaling is initiated by the binding of
the ligand to the extracellular domain (ECD) of BRI1, promoting
both the recruitment of BAK1 and BRI1-mediated tyrosine phos-
phorylation of BKI1. The latter leads to dissociation of BKI1 from
the plasma membrane (PM) and promotes trans-phosphorylation
between BRI1 and BAK1. This process enhances the signaling
capacity of the receptor complex and results in the phosphory-
lation of BR signaling kinase 1 (BSK1) and its release from the
receptor complex. BSK1 initiates a complex cascade of signaling
events, leading to the activation of the transcription factors BRI1-
EMS suppressor 1 (BES1) and brassinazole resistant 1 (BZR1).
BES1 and BZR1 are predominantly responsible for eliciting the
BR-specific responses that depend on differential gene expression
(Sun et al., 2010). Whereas the signaling events downstream of
BSKs appear to be well established, novel findings with respect to
BR perception by BRI1, early steps in BRI1/BAK1 complex for-
mation and initiation of signaling have emerged. Furthermore,
a fast BR response pathway will be discussed that modifies the
PM potential (Em) and the expansion of the wall, both crucial
processes preceding cell elongation growth.

BRASSINOSTEROID PERCEPTION BY BRI1
Brassinosteroid insensitive 1 belongs to the large family of leucine-
rich repeat receptor-like kinases (LRR-RLKs). Recently Van Esse
et al. (2011) estimated the absolute number of BRI1–GFP recep-
tor molecules in the root tip and leaf epidermal cells. Although
the number varies from 22,000 in the root meristem up to 130,000
in the elongation zone, the receptor density in the PM is con-
stant at 12 receptors μm−2. Only the quiescent center (6,700
molecules), columella cells (10,800 molecules), and leaf epider-
mal cells have a lower density of 5 to 6 receptors μm−2(quiescent
center, columella) or 10 receptors μm−2 (leaf epidermis) (Van
Esse et al., 2011). How far BRI1 density in the PM differs for
further tissues is not known. However, quantitative analysis of
BR-triggered wall expansion in Arabidopsis hypocotyl cells demon-
strated a correlation between the relative number of BRI1–GFP
molecules in the PM and the scale of the response (Elgass et al.,
2010a). This indicates that the total amount of BRI1 and/or its
density in the PM is of regulatory importance. These differences
might also contribute to the differential competence of root and
hypocotyl cells to respond to BR in wall expansion (Elgass et al.,
2010b).

Brassinosteroid insensitive 1 comprises an ECD with 25 LRRs,
with an island domain (ID) between LRRs 21 and 22 followed by a
transmembrane domain. Its cytoplasmic domain consists of a jux-
tamembrane region, a kinase domain and a C-terminal extension
(Kim and Wang, 2010; Clouse, 2011; Yang et al., 2011). However,
until recently, it was not clear how BR binds to the ECD and by
which molecular mechanism BRs cause BRI1 activation. Hothorn
et al. (2011) have now been able to present the structure of the
BRI1 ECD in its free form and bound to brassinolide (BL). Their
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analysis has shed new light on BR perception and BRI1 activa-
tion: firstly, the BRI1 ECD does not show the anticipated horse
shoe structure but forms a right-handed, highly twisted superhe-
lix. The ID forms a small domain that folds back into the interior
of the superhelix, where it interacts extensively with LRRs 13–25.
BL binds by one molecule per BRI1 monomer at close proximity
to the ID with the extensive contribution of LRRs. This interaction
brings the hormone close to the PM (Figure 1). Secondly, for sev-
eral reasons, the structure of the LRR superhelix is incompatible
with BRI1–ECD oligomerization even in the presence of BL. This
suggests that BRI1 activation is not mediated by ligand-induced
homo-dimerization of the ECD or by conformational changes in
preformed homodimers. Finally, BL binding induces a conforma-
tional rearrangement and fixing of the ID, where large parts of the
hormone are still exposed to the solvent. These observations led to
the idea that a stable protein–protein interaction platform is cre-
ated within the BRI1 superhelix in the presence of ID-bound BL.
Thus, BRI1 interaction with another protein via this platform may
be the mechanism for BRI1 activation and initiation of signaling
(Hothorn et al., 2011).

ACTIVATION OF BRI1 BY INDUCED PROTEIN–PROTEIN INTERACTION
Brassinolide binding creates a protein–protein interaction plat-
form at the membrane-proximal region of BRI1, which might be
crucial for receptor activation. Overwhelming evidence suggests
that the favorite protein most likely to dock to the BL-induced
platform within the BRI1 superhelix is BAK1 (Kim and Wang,
2010; Clouse, 2011; Yang et al., 2011). How BL-induced interaction
with BAK1 transforms BRI1 into an active receptor was recently
elucidated by Jaillais et al. (2011a): they studied the molecular
basis for the gain-of-function phenotype of the Arabidopsis bak1elg

mutant. The bak1elg protein carries a substitution of aspartate 122
to asparagine in its ECD. This substitution enhances the affinity
of bak1elg to BRI1 and may result, via more efficient BRI1/BAK1
receptor complex formation, in a more efficient transformation
of BRI1 into an active receptor. Interestingly, this transformation
and the full function of the BRI1/BAK1 receptor complex do not
only require interaction of the ECDs but also association of the
BRI1 and BAK1 kinase domains, as bak1elg cannot overcome the
repression of BR signaling by overexpressed BKI1. As mentioned
above, BKI1 prevents interaction between the BRI1 and BAK1
kinase domains and, thereby, inhibits the promotion of trans-
phosphorylation between BRI1 and BAK1 (Jaillais et al., 2011b).
Therefore, Jaillais et al. (2011a) propose a “double-lock” mecha-
nism for BRI1/BAK1 hetero-dimerization and signaling initiation:
in the absence of BR, BRI1 is kept in an inactive state by interaction
with BKI1 at its C-terminal domain. In this state, BRI1 may form
some ligand-independent homo-oligomers but does not interact
with BAK1. The binding of BRs creates a BR-containing interac-
tion platform inside the superhelix of BRI1, with high affinity to
the ECD of BAK1, and in parallel triggers tyrosine phosphory-
lation of BKI1. This results in the release of BKI1 from the PM,
which is paralleled by the recruitment of BAK1 by BRI1 via its
interaction platform. The BRI1/BAK1 association promotes trans-
phosphorylation between BRI1 and BAK1 and the full activation
of the BRI1/BAK1 receptor complex (Figure 1). This “double-
lock” mechanism is very attractive, as it provides robustness and

FIGURE 1 | Simplified model of the P-ATPase-independent (left) and

P-ATPase-dependent, “short-cut” (right) BR response pathways in

plant cells. (A) In the absence of BR, BRI1 is inhibited by its C-terminal
domain and BKI1 and sequesters BSKs at the plasma membrane (PM). At
this state, BRI1 might also be loosely associated with the P-ATPase (not
shown). (B) After BL binding, BRI1 interacts with BAK1, phosphorylates
BKI1, which is released into the cytoplasm. This promotes
trans-phosphorylation between BRI1 and BAK1, establishment of the fully
active BRI1/BAK1 signaling complex and the release of phosphorylated
BSKs. Phosphorylated BSKs induce the signaling process leading to
BR-controlled gene expression. BL binding also triggers the association of
BRI1 with the P-ATPase. This suppresses the inhibition of the pump’s
activity by its C-terminal domain (CtD) and results in the BRI1 kinase
activity-dependent activation of the P-ATPase’s catalytic domain (CaD) by a
yet unknown mechanism (?). The enhanced P-ATPase activity causes proton
(H+) extrusion into the apoplast and hyperpolarization of the PM leading to
cell wall expansion. For the full BL-induced expansion response a further,
yet unknown component is required in addition to PM hyperpolarization and
apoplast acidification (not included). It is unclear whether association with
BAK1, release of phosphorylated BKI1 or BKSs and/or direct
phosphorylation of the P-ATPase are necessary for its BRI1-dependent
activation.

specificity for the BRI1/BAK1 complex formation and allows the
regulatory modification by signals from outside and inside the cell
(Jaillais et al., 2011a).

A FAST BR RESPONSE PATHWAY IN THE PLASMA
MEMBRANE
Regulation of vegetative growth is a crucial BR function. Vegeta-
tive growth can be achieved either by enhanced cell elongation,
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cell number increase, or a combination of both. For instance, root
length is controlled during organogenesis by components of the
BR response pathway, including BRI1. Here, BR might determine
the number of meristem cells by promoting cell cycle progression
and changing the time of cell differentiation (Gonzalez-Garcia
et al., 2011; Hacham et al., 2011). The effect of BL and BRI1 on
elongation growth has been shown for the growth rate of BR
treated epicotyl or hypocotyl isolates of bean and other plant
species (Mandava, 1988; Clouse and Sasse, 1998). In Arabidop-
sis, BR-controlled elongation growth over several hours requires
the predominantly BZR1- and BES1-mediated expression of hun-
dreds of genes involved in water uptake, ion transport, wall, and
cytoskeleton modifications (Kim and Wang, 2010; Clouse, 2011).
With developmentally regulated plasma membrane polypeptide
(DREPP) a novel BR-upregulated gene was identified whose prod-
uct appears to be involved in the regulation of BR-mediated
elongation growth at the PM–cytoplasm interface (Sun et al.,
2010). Although DREPP is discussed to be involved in cytoskeleton
reorganization, the molecular mechanism of DREPP elongation
growth modification is not yet clear.

Brassinolide-induced elongation growth is preceded by
apoplast acidification, hyperpolarization of the PM, and loosening
and expansion of the cell wall (Mandava, 1988; Clouse and Sasse,
1998; Cosgrove, 2005). These processes are proposed to be regu-
lated by the activity of PM-located P-Type ATPases (P-ATPases)
such as Arabidopsis AHA1. These enzymes pump protons from
the cytoplasm into the apoplast (Speth et al., 2010). However, a
direct mechanistic link between activation of BRI1, up-regulation
of P-ATPase activity, Em hyperpolarization, and wall loosening and
expansion was not yet apparent. Recently, micro-spectroscopic
methods were applied to analyze the intracellular and intramem-
brane dynamics, interaction pattern, physico-chemical environ-
ment and function of BRI1–GFP in living hypocotyl and root cells
of transgenic Arabidopsis seedlings and transiently transformed
Nicotiana benthamiana leaves (Elgass et al., 2009; Caesar et al.,
2011): by measuring the dynamic distance between BRI1–GFP-
labeled PMs of adjacent cells and the dimension of the wall, a BRI1-
dependent expansion of the wall within a few minutes after BL
application was observed. In parallel, a decrease in the fluorescence
lifetime (FLT) of BRI1–GFP was recorded, which points to an alter-
ation in the receptor’s close physico-chemical environment. The
parameter that triggers the FLT change in BRI1–GFP in response to
BL was identified to be the hyperpolarization of the Em. By apply-
ing an inhibitor or activator of the P-ATPase, BL-regulation of the
Em and expansion of the cell wall could be reversibly modulated.
A quantitative analysis of the recorded data revealed that several
components, which include the apoplastic pH, the Em and yet
unknown components, contribute synergistically to BL-regulated
wall expansion.

Gene expression data indicate that the P-ATPase gene family
members are not regulated by BRs in Arabidopsis within a few
minutes after hormone application, suggesting a post-translational
control of the P-ATPase activity by BRI1 to trigger Em hyperpo-
larization and wall expansion. One way to activate the P-ATPase
activity is by BR-regulated interaction with BRI1 followed by the
phosphorylation of the pump. Using different approaches, a spe-
cific interaction of BRI1 with AHA1 was demonstrated, which

was modulated by BL in planta (Caesar et al., 2011). Further-
more, kinase activity of BRI1 was required for the BL-regulated
change in the FLT of BRI1 and AHA1-caused Em hyperpolar-
ization. However, the mutation of conserved threonines in the
C-terminal auto-inhibitory domain of P-ATPases, which are usu-
ally required for P-ATPase activation, did not alter the interaction
of mutated AHA1 with BRI1 or its capacity to induce Em hyperpo-
larization in the presence of activated BRI1 (Witthöft et al., 2011).
Therefore, alternative mechanisms have to be discussed for how
BRI1 activates the P-ATPase. In any case, these new findings sug-
gest a “short-cut” BL-regulated signal response pathway within
the PM, which is independent of gene expression (Figure 1).
This pathway links BRI1 to the P-ATPase for the regulation of
Em hyperpolarization and wall loosening and expansion.

The described pathway could also have “wider” consequences.
In two recent papers, non-cell autonomous signals were pro-
posed to participate in BR signaling in Arabidopsis (Scacchi et al.,
2010; Hacham et al., 2011). As most plant cells are electrically
coupled through plasmodesmata, they tend to respond in con-
cert to variations in the Em (Spanswick, 1972). Although there
is electrical resistance between the symplasts, it is possible that
the BL-induced Em change in one cell is “communicated” to the
neighboring cells. As the Em is the driving force for many transport
processes, this may have significant physiological consequences for
the neighboring cells (Blatt, 2004). Changes in the apoplastic pH
have similar non-cell autonomous effects (Blatt and Armstrong,
1993; Blatt, 2004). Furthermore, alterations in the rigidity of the
cell wall and, thus, the pressure conditions between cells, which
occur during BL-induced wall loosening and expansion, may also
have non-cell autonomous effects (Braybrook and Kuhlemeier,
2010).

Intriguingly, although the changes in the Em and wall dimen-
sion occur within 15 min after BL application (Elgass et al., 2009;
Caesar et al., 2011), the onset of cell elongation is observed at the
earliest after 45 min (see References in Clouse, 2011). Furthermore,
the BL-triggered Em hyperpolarization has also been shown for
tobacco epidermal leaf cells, which do not elongate (Caesar et al.,
2011; Witthöft et al., 2011). This suggests that post-translational
regulation of the P-ATPase activity alone is not sufficient to pro-
mote BR-triggered cell elongation growth. This probably requires
the expression of genes encoding enzymes necessary for pro-
duction and continuous incorporation of wall material during
elongation. Alternatively, an additional growth-promoting hor-
mone such as auxin has first to be produced by up-regulation of the
corresponding biosynthetic genes. In a variety of bioassays, auxin
has been shown to synergistically promote cell elongation with
BRs (Halliday, 2004; Nemhauser et al., 2004; Sanchez-Rodriguez
et al., 2010). Nevertheless, Em polarization and wall expansion are
two excellent cell physiological readouts to elucidate the molecular
details of the BR/BRI1–P-ATPase response pathway.

PERSPECTIVE
Recently published work provided new insights into BR percep-
tion by BRI1 and initiation of signaling by the active BRI1/BAK1
receptor complex at the apoplast-PM-cytoplasm interface. Fur-
thermore, a BR response pathway has been identified that triggers
cell wall expansion and Em polarization. However, there are still
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many questions to be addressed: how is BR-binding to the ECD
translated into enhanced BRI1 kinase activity? What is the mol-
ecular mechanism which results in the release of BSK1? With
respect to the “short-cut” pathway: are other components of the
early BRI1 signaling pathway, such as BAK1 or BKI1, or elonga-
tion growth-modifying proteins, such as DREPP, involved? Which
protein domain of BRI1 is responsible for interaction with the
P-ATPase and is there also a function of the BR-induced BRI1
protein interaction platform? Is phosphorylation outside the C-
terminal auto-inhibitory domain required for activation of the
P-ATPase and is BRI1 itself the kinase that phosphorylates the

pump? What is the nature of the proposed non-cell autonomous
BR signal?

Thus, though the BR response pathway is one of the best under-
stood in plants, its further elucidation will continue to be an
exciting undertaking.
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The plant hormone cytokinin realizes at least part of its signaling output through the reg-
ulation of gene expression. A great part of the early transcriptional regulation is mediated
by type-B response regulators, which are transcription factors of the MYB family. Other
transcription factors, such as the cytokinin response factors of the AP2/ERF family, have
also been shown to be involved in this process. Additional transcription factors mediate
distinct parts of the cytokinin response through tissue- and cell-specific downstream tran-
scriptional cascades. In Arabidopsis, only a single cytokinin response element, to which
type-B response regulators bind, has been clearly proven so far, which has 5′-GAT(T/C)-3′
as a core sequence.This motif has served to construct a synthetic cytokinin-sensitive two-
component system response element, which is useful for monitoring the cellular cytokinin
status. Insight into the extent of transcriptional regulation has been gained by genome-wide
gene expression analyses following cytokinin treatment and from plants having an altered
cytokinin content or signaling.This review presents a meta analysis of such microarray data
resulting in a core list of cytokinin response genes. Genes encoding type-A response regula-
tors displayed the most stable response to cytokinin, but a number of cytokinin metabolism
genes (CKX4, CKX5, CYP735A2, UGT76C2) also belong to them, indicating homeostatic
mechanisms operating at the transcriptional level. The cytokinin core response genes are
also the target of other hormones as well as biotic and abiotic stresses, documenting
crosstalk of the cytokinin system with other hormonal and environmental signaling path-
ways.The multiple links of cytokinin to diverse functions, ranging from control of meristem
activity, hormonal crosstalk, nutrient acquisition, and various stress responses, are also
corroborated by a compilation of genes that have been repeatedly found by independent
gene expression profiling studies. Such functions are, at least in part, supported by genetic
studies.

Keywords: cytokinin, gene regulation, transcription factor, cis-element, transcriptomics, meta analysis, signal

transduction, regulatory network

FOREWORD
The phytohormone cytokinin regulates numerous developmen-
tal and physiological processes, including the activity of shoot
and root meristems, reproductive behavior, leaf senescence, and
responses to environmental cues, in particular light and nutrients
(Argueso et al., 2009; Werner and Schmülling, 2009). Regulation
of gene expression is a crucial part of realizing the different activ-
ities in a developmental- and tissue-specific context. The results
of early efforts to identify cytokinin-regulated genes were summa-
rized more than a decade ago (Schmülling et al., 1997). Since then,
several major steps toward a more comprehensive understanding
of the early and late events of gene regulation by cytokinin have
been made. Some important milestones have been the discovery
of type-A response regulator genes as primary cytokinin response
genes (Brandstatter and Kieber, 1998; Sakakibara et al., 1998); the
description of type-B response regulators as transcription factors
mediating the cytokinin response (Sakai et al., 2000, 2001; Hwang
and Sheen, 2001); the identification of a cis-acting cytokinin
response element (Sakai et al., 2000; Taniguchi et al., 2007); and the
genome-wide analysis of the cytokinin response of the Arabidopsis
transcriptome (Kiba et al., 2004; Brenner et al., 2005). Additional

genome-wide studies addressed more specifically the effects of
altered cytokinin signaling, the identification of targets of specific
signaling components, or organ-specific responses (Rashotte et al.,
2006; Lee et al., 2007; Taniguchi et al., 2007; Yokoyama et al., 2007;
Argyros et al., 2008; Heyl et al., 2008; Brenner and Schmülling,
submitted). More recent work has linked specific transcriptional
responses to the biological activities of cytokinin (Dello Ioio et al.,
2008a; Müller and Sheen, 2008; Argueso et al., 2010; Zhao et al.,
2010; Bishopp et al., 2011c; Köllmer et al., 2011). Taken together,
it has become clear that fine-tuned gene regulation is of utmost
importance to realize the many different biological activities of
cytokinin in diverse tissues.

In this review, we will firstly briefly describe the state-of-the-art
knowledge about the early events involved in cytokinin-dependent
gene regulation and the main players, and address the question
how this system evolved. Then we will summarize the results
of a number of genome-wide transcript profiling studies focus-
ing on cytokinin as a regulator of gene expression, present the
results of a meta analysis of microarray data and, finally, compile
some of the frequently found cytokinin-regulated genes and dis-
cuss their functional context. The vast majority of findings come
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from experiments using Arabidopsis thaliana, thus we will focus
on results from this model plant in this review. The key facts pre-
sented in this review are summarized in Table 1. For recent reviews
addressing various other aspects of the cytokinin signaling system,
see To and Kieber (2008),Argueso et al. (2009, 2010), Bishopp et al.
(2009, 2011a), Moubayidin et al. (2009), Werner and Schmülling
(2009), Hellmann et al. (2010), Kudo et al. (2010), Perilli et al.
(2010), Domagalska and Leyser (2011), Heyl et al. (2011), Kiba
et al. (2011), and Müller (2011).

THE DISCOVERY OF PRIMARY RESPONSE GENES OF
CYTOKININ
The first primary response genes rapidly induced by cytokinin
were identified using the method of differential display in Ara-
bidopsis thaliana (Brandstatter and Kieber, 1998) and maize
(Sakakibara et al., 1998). In Arabidopsis, two genes designated IBC6
and IBC7 (INDUCED BY CYTOKININ, IBC) – now known as
type-A response regulator genes ARR5 and ARR4, respectively –
were identified as being induced after 2 h of cytokinin treatment
(Brandstatter and Kieber, 1998). These genes were upregulated
within minutes after cytokinin treatment (D’Agostino et al., 2000)
and the response was insensitive to cycloheximide, both hallmarks
of primary response genes. At the same time, the maize gene
ZmCip1, also encoding a type-A response regulator, was found
to be induced 30 min after cytokinin treatment (Sakakibara et al.,
1998). A number of related Arabidopsis type-A response regulator
genes – ARR3, ARR6, ARR7, ARR8, ARR9, ARR15, and ARR16,
which were mostly identified by sequence homology to bacterial
response regulators (Imamura et al., 1998; Urao et al., 1998) – were
characterized as cytokinin-induced genes with different response
kinetics (Imamura et al., 1999; Kiba et al., 1999; D’Agostino et al.,
2000). It was shown later that type-A ARR proteins act as nega-
tive regulators of cytokinin signaling (Hwang and Sheen, 2001; To
et al., 2004). Today, by virtue of genome-wide expression analyses,
numerous other response genes of cytokinin have been discovered
(see Genome-Wide Analysis of the Cytokinin-Regulated Tran-
scriptome) but most of them lack a functional link to the hormone
at present.

TRANSCRIPTION FACTORS REGULATING THE PRIMARY
CYTOKININ RESPONSE
The discovery of type-A response regulator genes as primary
cytokinin response genes was a strong indication that cytokinin
signaling may occur through a two-component signaling system
(TCS). In fact, the cytokinin signal is perceived by sensor histi-
dine kinases (Inoue et al., 2001; Suzuki et al., 2001; Heyl et al.,
2011), named AHK2, AHK3, and CRE1/AHK4 in Arabidopsis, and
the following primary signal transduction pathway of cytokinin
is a multistep trans-phosphorylation chain similar to the bacterial
TCS. Following the transfer of the signal to the nucleus via his-
tidine phosphotransmitter proteins (named AHPs in Arabidopsis;
Hwang and Sheen, 2001; Punwani et al., 2010), ultimately a family
of transcription factors, the type-B response regulators, is acti-
vated and these mediate the transcriptional response to cytokinin
(Hwang and Sheen, 2001).

The Arabidopsis genome encodes 11 type-B ARRs. They belong
to the MYB family of transcriptions factors and all contain an

Table 1 | Key facts about cytokinin-regulated gene expression.

• Type-B response regulators mediate most, if not all, of the immediate–

early changes of gene expression induced by cytokinin.

• Other transcription factors, such as cytokinin response factors (CRF), are

necessary for co-regulation of the transcriptional cytokinin response.

• During evolution, type-B response regulators appear earlier in plants than

cytokinin receptors, which are only found in land plants.

• The core sequence of the only known cytokinin response element of Ara-

bidopsis is 5′-GAT(T/C). The extended motif 5′-AAGAT(T/C)TT-3′ has been

identified as the preferred binding site of type-B response regulator ARR1.

• Genes encoding different type-A response regulators show the most

robust response to cytokinin.

• Changes in transcript abundance indicate a feedback of cytokinin signaling

on cytokinin metabolism genes.

• Numerous specific, context-dependent transcriptional cascades operate

downstream of the two-component signaling system to realize diverse

cytokinin activities.

• A large number of genes with diverse functions in regulating developmen-

tal and physiological processes respond to cytokinin.

N-terminal response regulator domain. This domain is thought
to negatively regulate the activity of the type-B ARRs as a dele-
tion of this domain leads to a constitutively active form of the
protein (Sakai et al., 2000; Imamura et al., 2003; Tajima et al.,
2004; Taniguchi et al., 2007). This observation led to a model
in which the phosphorylation of the response regulator domain
causes a conformational change of the type-B ARRs, thereby
activating the proteins. Phosphomimics, in which the canoni-
cal Asp of the response regulator domain is exchanged with a
Glu leading to a constitutive activation, are supposed to have an
altered structure and seem to support this model (Hass et al.,
2004). However, structural information confirming the proposed
mode of action is still missing. This is in contrast to the DNA-
binding MYB-domain. NMR spectroscopy has revealed how the
DNA-binding domain of ARR10 is in direct contact with the
target DNA, 5′-(A/T)GATT-3′ (Hosoda et al., 2002). The C-
terminal part of the type-B ARRs is often enriched by P/Q-rich
acidic domains, which have been shown to be important for
their transactivation capacity (Sakai et al., 2000; Imamura et al.,
2003). The nuclear localization of the type-B ARRs is consis-
tent with their role as transcription factors (Hwang and Sheen,
2001; Lohrmann et al., 2001; Mason et al., 2004; Dortay et al.,
2006).

Phylogenetic analyses based on the receiver domains or DNA-
binding domains of type-B ARRs revealed a division into three
sub-classes (Tajima et al., 2004; To et al., 2004; Mason et al.,
2005; Heyl et al., 2008). The largest sub-class consists of seven
members (ARR1, ARR2, ARR10, ARR12, ARR11, ARR14, and
ARR18) and two other sub-classes containing two members each
(ARR13/ARR21 and ARR19/ARR20). The expression patterns of
type-B ARR genes reflect this subdivision revealed by phylogenetic
analysis. While the members of the largest sub-class are expressed
in almost all tissues, members of the other two sub-classes are
expressed specifically in reproductive organs (Mason et al., 2004;
Tajima et al., 2004; Heyl et al., 2006). The region of expression for

Frontiers in Plant Science | Plant Physiology January 2012 | Volume 3 | Article 8 | 138

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Brenner et al. Gene regulation by cytokinin

ARR19 and ARR21 was narrowed down to the chalazal region of
the endosperm (Tiwari et al., 2006; Day et al., 2008).

Analyses have shown the functional redundancy of type-B
ARRs (Mason et al., 2005): for example, single knockout mutants
of arr1 and arr21 displayed no major alteration of their phenotypes
(Sakai et al., 2001; Horák et al., 2003). Only the arr2 knockout
mutant showed a slight insensitivity toward cytokinin and ethyl-
ene in a hypocotyl elongation assay (Hass et al., 2004). ARR2 has
also been implicated in the regulation of leaf senescence (Kim et al.,
2006). In contrast, analysis of multiple knockout mutant lines of
type-B ARR genes revealed that ARR1,ARR10,and ARR12 mediate
the majority of cytokinin action in different processes, such as vas-
cular development, light sensitivity, chlorophyll production, and
cell division in the root and shoot (Yokoyama et al., 2007; Argyros
et al., 2008; Ishida et al., 2008). Overexpression of full length ARR1
and ARR2 genes did not cause notable phenotypic changes (Sakai
et al., 2001; Hass et al., 2004). However, overexpression of only
the C-terminal part of the protein, including the DNA-binding
domain of ARR1, ARR11, ARR14, ARR20, and ARR21, respec-
tively, caused distinct abnormalities of plant phenotypes during
the vegetative stage (ARR1/ARR11/ARR14) or the reproductive
stage (ARR20/ARR21; Sakai et al., 2001; Imamura et al., 2003;
Tajima et al., 2004). A compilation of the known phenotypes of
single and multiple type-B ARR mutants (and other genes of the
TCS) has been published recently (Müller, 2011).

Chimeric repressor technology (Hiratsu et al., 2003) was used
in order to investigate the functions of type-B ARRs more gen-
erally. The addition of the SRDX peptide (LDLDLELRLGFA) to
the C-terminal end of ARR1 turned this transcriptional activator
into a trans-dominant transcriptional repressor. Protoplast trans-
activation assays confirmed that ARR1-SRDX represses not only
the transactivation activity of ARR1, but also of all other type-
B ARRs tested, thus demonstrating its trans-dominant function
(Heyl et al., 2008). Plants expressing the ARR1-SRDX construct
under the control of the 35S promoter displayed a strong mor-
phological phenotype, reminiscent of the cytokinin deficiency
syndrome seen in triple cytokinin receptor mutants or cytokinin
oxidase/dehydrogenase (CKX) overexpressors (Werner et al., 2003;
Riefler et al., 2006). This phenotype is most likely due to the con-
certed repression of the activities of the type-B ARR (Heyl et al.,
2008). Transcriptional profiling indicated attenuation of the early
transcriptional response to cytokinin and suggested that ARR1
and other type-B ARRs use, at least in part, the same DNA-binding
sites. Together, the results showed that most, if not all, of the tran-
scriptional response to cytokinin is mediated, at least partly, by the
type-B ARRs (Heyl et al., 2008).

Another group of transcription factors regulating the transcrip-
tional response to cytokinin are the cytokinin response factors
(CRF). Rashotte and colleagues showed that members of this sub-
family of AP2/ERF transcription factors, which is defined by the
presence of a common CRF domain, are involved in the con-
trol of gene expression of many primary cytokinin response genes
(Rashotte et al., 2006; Rashotte and Goertzen, 2010). CRF2 and
CRF5 were themselves recognized as primary response genes due
to their transcriptional regulation by cytokinin in the presence
of cycloheximide (Rashotte et al., 2006). Protoplast experiments
showed that all CRFs localize from the cytosol into the nucleus

upon cytokinin treatment. This translocation was dependent on
the presence of the cytokinin receptors and the AHPs, but not type-
A or type-B ARRs (Rashotte et al., 2006). Yeast two-hybrid and
Split-YFP experiments showed homo- and heterodimerization
among the CRFs and between the AHPs and the CRFs. Deletion
experiments indicated that the CRF domain is both necessary and
sufficient to mediate these protein interactions. It has been specu-
lated that homodimerization of the CRFs might be necessary for
DNA-binding (Cutcliffe et al., 2011). The phenotypic changes of
different multiple crf mutants occurred with low penetrance, but
point at a role in the development of embryos, cotyledons, and
leaves. The severity and the penetrance of the loss-of-function phe-
notypes increased in higher order mutants indicating functional
redundancy (Rashotte et al., 2006).

EVOLUTION OF TRANSCRIPTION FACTORS MEDIATING THE CYTOKININ
RESPONSE
In order to get an insight into the evolution of the TCS, a phy-
logenetic analysis has been carried out for all four participating
protein families (Pils and Heyl, 2009). The type-B RRs are present
in all plants species, including algae. Thus, they predate the appear-
ance of the cytokinin receptors and the type-A RRs, which are
only found in land plants (Pils and Heyl, 2009). That raises the
questions which functions the type-B RRs have in those species
missing the cytokinin receptors and whether those ancient func-
tions are still performed by type-B RRs of higher plant species.
The CRF protein family has at least eight members in Arabidopsis
(Rashotte and Goertzen, 2010). A phylogenetic study showed that
CRF genes are present in the genomes of all land plants, but are
absent from those of algae. The late-diverging land plants sepa-
rated into two clades, which coincided with the presence or the
absence of an additional domain, the so-called TEH (Thr, Glu,
His) region. However, the functional relevance of this TEH region
is not yet clear (Rashotte and Goertzen, 2010).

Taken together, these data suggest that the type-B RRs predate
the emergence of the cytokinin signaling pathway as we know it
from higher plants and were only recruited to it at a later stage
of plant evolution. Once the morphology and the developmen-
tal program of land plants became more complex, not only did
the number of type-B RRs in the genomes increase (Pils and Heyl,
2009; Schaller et al., 2011), but it was also likely that additional fac-
tors, such as the CRFs, were recruited to fine-tune the cytokinin
response.

cis-REGULATORY CYTOKININ RESPONSE ELEMENTS REQUIRED FOR
THE REGULATION OF PRIMARY RESPONSE GENES
Considering the high conservation of amino acids in the DNA-
binding MYB-domain of type-B ARRs (Heyl et al., 2008), it is not
surprising that several of them bind to the same or very similar
sequence motifs. It has been demonstrated that the DNA-binding
domains of both, ARR1 and ARR2, bind in vitro to DNA sequences
containing the 5′-AGAT(T/C)-3′ motif. The actual DNA recogni-
tion by the DNA-binding domain appeared to occur mainly at
the last four positions of this 5-bp sequence (Sakai et al., 2000).
The optimal in vitro binding for ARR10 and ARR11 was observed
for a DNA sequence containing the motifs 5′-AGATT-3′ and 5′-
GGATT-3′, respectively (Hosoda et al., 2002; Imamura et al., 2003).
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Later, it was shown that ARR1 requires 2-bp extensions on either
side of the core sequence for optimal binding in vitro (Taniguchi
et al., 2007). Comparing the bases surrounding the 5-bp long core
motif, the sequence 5′-AAGAT(T/C)TT-3′ was identified as an
extended version of the ARR1-binding motif (Taniguchi et al.,
2007).

A synthetic cytokinin reporter that was generated to visualize
the output of the TCS in vivo harbors 24 concatemerized copies
of a variant of the above-mentioned type-B ARR binding core
motif, 5′-(A/G)GATT-3′, in sense and antisense direction and a
minimal 35S promoter binding motif upstream of a reporter gene
(Müller and Sheen, 2008). The presumed advantage of this syn-
thetic cytokinin reporter compared to other marker genes, such
as the commonly used type-A response regulator genes, is that its
activity is largely independent of other signaling or tissue-specific
information, and thus shows solely the TCS output (Müller and
Sheen, 2008). Using this synthetic reporter, the local and tempo-
ral defined antagonistic interaction between auxin and cytokinin
during the establishment of the root stem cell niche was identi-
fied (Müller and Sheen, 2008). Similarly, this TCS reporter or an
improved version of it has been used to study cytokinin activity
in the shoot apical meristem (Gordon et al., 2009; Yoshida et al.,
2011).

So far, the functionality of binding motifs identified for ARR1
and other type-B ARRs have been supported mainly by in vitro
experiments (Sakai et al., 2001; Imamura et al., 2003; Taniguchi
et al., 2007) and their use for the TCS reporter (Müller and Sheen,
2008). There are only a very few loss-of-function studies confirm-
ing the functionality of these sequences in planta. One example
is the transcriptional regulation of the non-symbiotic hemoglobin
(NSHB) genes (Hunt et al., 2001; Ross et al., 2004). It was shown
by using transient bombardment assays in tobacco leaf disks that
cytokinin activates the Oryza sativa NSHB2 (OsNSHB2) promoter
and that this regulation can be mediated by ARR1 of Arabidopsis
(Ross et al., 2004). Deletion and site-directed mutational analyses
of the predicted ARR1-binding cis-element 5′-AGATT-3′ in the
OsNSHB2 promoter confirmed the functionality of this element
in the cytokinin response. Deletion led to a dramatic reduction in
cytokinin-inducibility of this promoter (Ross et al., 2004). These
experiments were not fully conclusive, as the cytokinin-dependent
activation of a rice promoter by an Arabidopsis transcription
factor was tested in tobacco cells. However, it has been shown
recently that mutation of this core motif in the ARR6 promoter
strongly reduces its response toward cytokinin in its original host
(Ramireddy, 2009).

The afore-mentioned work confirmed the functional relevance
of the core motif in planta. However, it should be noted that
because of its statistically frequent occurrence, this short motif
is not diagnostic for the cytokinin responsiveness of a given pro-
moter. It is not significantly enriched in the top 20 cytokinin-
responsive promoters within the 1-kb 5′ of the translational start
site (Figure 1), where it occurs at a frequency of 0.68% in compar-
ison to the promoters of the 20 genes least likely to be regulated by
cytokinin, where it has a frequency of 0.57%. The extended motif,
5′-AAGAT(T/C)TT-3′, which was identified for ARR1 (Taniguchi
et al., 2007), is enriched in the top 20 cytokinin-responsive pro-
moters, where it occurs at a frequency of 0.16% compared to

0.01% in the promoters of the 20 genes least likely to be regu-
lated by cytokinin. However, it is missing in 5 of the top 20 genes
(Figure 1). This could indicate that ARR1 is not involved in the
transcriptional regulation of all these cytokinin response genes, or
that other variants of the extended motif allow for the binding of
and transcriptional activation by type-B RRs.

Another putative cytokinin response element has been
identified in cucumber. Expression analysis showed that
cytokinin and light activate the transcription of the NADPH–
protochlorophyllide reductase (POR) gene which has a key role
in chlorophyll synthesis (Kuroda et al., 2000). Gel shift experi-
ments demonstrated that the promoter of the POR gene contains
a cis-element (5′-TATTAG-3′) which binds nuclear extracts in a
cytokinin-dependent manner (Fusada et al., 2005). Mutation of
this sequence in the POR promoter caused a reduced cytokinin-
dependent binding of nuclear proteins and caused a reduced
cytokinin responsiveness in transient expression assays (Fusada
et al., 2005). However, the protein factor(s) binding to this motif
are not known. This new element, mediating part of the cytokinin
response, is present in only 6 of the top 20 cytokinin-regulated
genes of Arabidopsis in the meta analysis, indicating that this
motif also is not absolutely required for cytokinin responsiveness
or might be species-specific (data not shown).

GENOME-WIDE ANALYSIS OF THE CYTOKININ-REGULATED
TRANSCRIPTOME
With the dawn of the transcriptomics age, enabled by the wide
availability of microarrays, several attempts have been made to
identify more cytokinin-responsive genes. Over time, the themes
of the experimental approaches have changed. The first transcrip-
tome studies were purely discovery-based approaches in order to
find as many cytokinin-regulated genes as possible for a number
of different time points. The focus then shifted toward the iden-
tification of genes being targeted directly by single or multiple
transcription factors of the type-B response regulator and CRF
families. The latest investigations have shown two trends: firstly,
the attempt to investigate the transcriptome of smaller expres-
sion domains; secondly, an enhanced focus on physiological and
developmental downstream processes influenced by cytokinin.

PUBLISHED STUDIES ON THE CYTOKININ-REGULATED
TRANSCRIPTOME
A first study investigating cytokinin effects on the transcript level
of many genes in 2002 used a microarray containing 8297 probe
sets from Arabidopsis and assessed gene expression during shoot
induction from root callus (Che et al., 2002). As the samples were
taken days after transferring the explants to cytokinin-containing
shoot induction medium, early changes in gene expression were
not identified and only the expression data of known cytokinin
and auxin responsive genes were shown. The results confirmed the
cytokinin induction of the type-A ARR genes and CRE1/AHK4.
Another early study focusing on long-term transcriptomic changes
used the method of massively parallel signature sequencing and
analyzed seedlings harboring an inducible cytokinin synthesizing
bacterial IPT gene (Hoth et al., 2003). This work also confirmed
a number of known cytokinin-regulated genes and it was noted
that subsets of genes are regulated independently of tissue type or
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FIGURE 1 | Motif mapping of type-B response regulator binding

motifs in the promoters of the top 20 cytokinin-regulated genes.

The core motif (Sakai et al., 2000) and the extended motif determined
for ARR1 (Taniguchi et al., 2007) were mapped onto the promoter
regions 1000 bp upstream of the translational start sites of the 20

highest ranking genes of the meta analysis (Table 3) using the
MotifMapper of the TOUCAN 2 workbench (Aerts et al., 2005). The
motifs were counted, and their frequency of occurrence (in percent)
calculated using the formula (number of motifs * 100)/(20 promoters *
1000 bp).

developmental stage. Both studies also identified numerous novel
genes regulated or potentially regulated by cytokinin.

The first investigation devoted to the immediate–early
cytokinin response also used the microarray with 8297 probe sets
(Rashotte et al., 2003). Samples were obtained from seedlings
treated with different cytokinins (benzyladenine, trans-zeatin)
in different concentrations (1–5 μM) and for different time
periods (15 min to 24 h). The wol and cre1 cytokinin recep-
tor mutants were analyzed, too. More than 70 novel cytokinin-
regulated genes were identified. Two cytokinin-responsive “puta-
tive AP2 genes” (AT2G46310 and AT4G23750) were discovered,
which were classified as CRFs in later research (Rashotte et al.,
2006). Homeostatic mechanisms were revealed as two of the
cytokinin-induced genes encoded cytokinin metabolic enzymes:
the cytokinin oxidase/dehydrogenase CKX4 (Werner et al., 2001)
and a cytochrome P450 enzyme (CYP735A2) with cytokinin trans-
hydroxylase activity (Takei et al., 2004). Another potential pattern

of cytokinin-regulated genes indicated an effect on the redox state
(Rashotte et al., 2003).

One year later, a first analysis using a whole-genome microar-
ray featuring 22,810 probe sets (ATH1 array) was published (Kiba
et al., 2004). Although the work focused on the type-C (by then still
classified as type-A) response regulator ARR22, it also contained
information on cytokinin-induced genes in wild-type Arabidop-
sis. There, a large number of additional genes were found to be
cytokinin-regulated, including several heat shock-related genes
and the histidine kinase gene AHK1. This study was extended to
plants overexpressing the C-terminal half of the type-B response
regulator ARR21 (ARR21-C-ox) causing a constitutive activation
of the cytokinin response, in order to contrast ARR22 overexpres-
sors (ARR22-ox) attenuating the cytokinin response (Kiba et al.,
2005). A set of 68 robustly cytokinin-responsive genes was gener-
ated by comparing transcript levels in wild type, cytokinin-treated
wild type, ARR22-ox, and ARR21-C-ox.
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Another study using the ATH1 array also appeared in 2005
comparing cytokinin-induced and cytokinin-deficient seedlings
(35S:CKX1), with the uninduced wild type as the reference
(Brenner et al., 2005). An extensive evaluation of the func-
tional context of the regulated genes identified transcriptional
regulation, signal transduction, interaction with other hormones
(particularly gibberellin), light signaling, primary metabolism,
and transport as cytokinin target processes. It was found that
transcription factor genes were largely overrepresented among
the cytokinin-regulated genes in comparison to their propor-
tion in the whole genome. Many of these genes were only tem-
porarily induced, while others were upregulated at a late time
point, suggesting that transcriptional cascades are triggered during
the course of cytokinin action. The MapMan software (Thimm
et al., 2004) was used to identify cytokinin-regulated physio-
logical processes. Among all the genes of cytokinin metabolism
and signaling, only the type-A response regulators showed a
clearly opposite regulation in cytokinin-induced and cytokinin-
deficient seedlings. In addition, two processes were identified
with an opposite regulation of their genes depending on the
cytokinin status, namely metabolism of the regulator of carbon
utilization, trehalose-6-phosphate, and valine and leucine metab-
olism. Finally, the upregulation of several plastidal transcripts
was noted. The data generated in this study spawned further
research on four cytokinin-regulated transcription factor genes,
namely GATA22 (also known as CGA1/GNL), two genes coding
for members of the homeodomain zip (HD zip) class II transcrip-
tion factor family (HAT4, HAT22), and bHLH64 (Köllmer et al.,
2011).

Transcript profiling of cytokinin-treated arr1 arr12, crf1 crf2
crf5, and crf2 crf3 crf6 mutants was conducted in order to identify
the target genes of the CRFs. The results led to the conclusion
that both, type-B ARRs and CRFs, are necessary for cytokinin
induction of many of the early cytokinin response genes, because
their regulation was attenuated in higher order mutants of either
transcription factor family. Interestingly, while the expression of
the type-A ARR genes in response to cytokinin treatment was
reduced in the arr1 arr12 mutant, it was unaffected or even slightly
upregulated in the crf mutants tested (Rashotte et al., 2006).

The reduced induction of cytokinin-regulated genes in ARR7
overexpressing plants showed clearly that ARR7 is a negative reg-
ulator of cytokinin signaling (Lee et al., 2007). However, the
regulation of only 30% to 50% of all cytokinin-regulated genes
was attenuated by ARR7 overexpression, indicating that the pro-
tein acts only on part of the cytokinin signaling pathway. The
regulation of transcription factor genes, hormone-related and
stress-related genes, as well as the finding that the responsiveness
of most cytokinin-induced expansin genes and several LATERAL
ORGAN BOUNDARIES DOMAIN (LBD) genes was attenuated
by ARR7, were specifically addressed.

Direct target genes of ARR1 were identified using plants
expressing a dexamethasone-inducible variant of ARR1 (Sakai
et al., 2001) and an AFLP-based expression profiling method called
“high-coverage expression profiling” (HiCEP; Fukumura et al.,
2003) as the analytical tool (Taniguchi et al., 2007). An improved
sequence motif for ARR1-binding was characterized in the pro-
moters of the 23 ARR1 target genes identified (see cis-Regulatory

Cytokinin Response Elements Required for the Regulation Of
Primary Response Genes).

The roots of an arr10 arr12 mutant were studied using the
ATH1 microarray (Yokoyama et al., 2007). This mutant combi-
nation was selected because it causes a strong root phenotype,
suggesting that ARR10 and ARR12 (together with ARR1) trans-
duce most of the cytokinin signal in the root. It was found that the
transcriptional response to cytokinin in this mutant was attenu-
ated for most of the known cytokinin response genes, as well as
for several genes newly discovered in this study. The induction
of the type-A response regulator genes ARR15 and ARR16 was
particularly strongly diminished, leading the authors to suggest a
functional link between ARR10 and ARR12, on the one hand, and
ARR15 and ARR16, on the other hand.

Following a similar approach, a transcription profiling of the
shoots of seedlings was part of the characterization of an arr1
arr10 arr12 triple mutant (Argyros et al., 2008). In these plants,
the cytokinin-induced increase in transcript levels of 71 genes,
including many of the then well-known primary response genes,
was severely attenuated. In addition, the basal transcript levels
of almost 90% of these genes were reduced more than twofold,
indicating a reduced response to endogenous cytokinin. The
cytokinin-induced repression of the transcript levels of a number
of genes was also diminished in the mutant plants. These results
added convincing evidence that most of the general cytokinin
response during the seedling stage is signaled through the three
type-B response regulators ARR1, ARR10, and ARR12 (Argyros
et al., 2008).

A study looking more broadly into the action of type-B response
regulators was carried out using transgenic plants overexpressing
a trans-dominant chimeric repressor of type-B response regula-
tor action, ARR1-SRDX (see Transcription Factors Regulating the
Primary Cytokinin Response; Heyl et al., 2008). Transcriptome
comparison between ARR1-SRDX transgenic seedlings and wild-
type seedlings identified transcripts regulated by type-B response
regulators. About three-quarters of the genes induced by cytokinin
in the wild type were not induced in ARR1-SRDX plants, and a
total of 658 genes were found whose transcripts were less abundant
in the ARR1-SRDX overexpressing plants. The functional context
of these genes indicated that type-B ARRs regulate a number of
processes, such as nitrate transport and metabolism, red light sig-
naling, and crosstalk with other hormones (auxin, ethylene, and
gibberellin). A possible negative feedback on ARR1 expression, as
well as on cytokinin metabolism, was also detected. It was pro-
posed that type-B ARRs are possible nodes for the integration of
different signaling pathways (Heyl et al., 2008).

The latest cytokinin-related microarray study so far investi-
gated similarities and differences of the transcriptomic response to
cytokinin induction and cytokinin deficiency in roots and shoots
using the CATMA microarray (Brenner and Schmülling, submit-
ted). The rationale for this study were the marked differences of
the cytokinin effects on roots and shoots which could be reflected
by differences in the set of responsive genes. It was found by
principal component analysis that the early pattern of the tran-
scriptomic cytokinin response was largely similar in roots and
shoots while the later response showed some notable differences:
Cytokinin-induced roots had a more shoot-like global transcript
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profile and, similarly, cytokinin-deficient shoots had a global tran-
script profile shifted toward a more root-like fashion. Interestingly,
nuclear genes encoding plastid-localized proteins were strongly
overrepresented among these differentially regulated genes. These
observations suggest that cytokinin promotes shoot identity on the
transcript level at least partially independently of morphological
organ identity. Several genes with organ-specific responses were
identified, including root-specificity for the cytokinin hydroxylase
gene CYP735A2 and shoot specificity for the cell cycle regula-
tor gene CDKA;1. However, contrasting with the fundamental
difference of the growth response of roots and shoots to the hor-
mone, the vast majority of the cytokinin-regulated transcriptome
showed similar response patterns in roots and shoots (Brenner
and Schmülling, submitted).

In summary, the microarray studies have shown that the multi-
tude of processes influenced by cytokinin (Werner and Schmülling,
2009) are reflected by changes of the abundance of transcripts
encoding proteins of diverse function. There is, in part, little over-
lap between the genes identified by different studies, indicating
their context-dependent regulation. The transcriptomic results
can serve as a springboard to the investigation of downstream
cytokinin signaling events, as will be discussed further below.

A META ANALYSIS OF PUBLICLY AVAILABLE MICROARRAY DATA SETS
In addition to the published and commented microarray results
described in Section “Published Studies on the Cytokinin-
Regulated Transcriptome,” a number of unpublished datasets are
available in the microarray databases. As of July 2011, there were
28 sets of cytokinin-related microarray-derived data stored in
the ArrayExpress database (www.ebi.ac.uk/arrayexpress), and a
lot more are probably archived in individual labs inaccessible
to the community. Arabidopsis thaliana is the experimental sys-
tem of 25 of the publicly available datasets; one dataset comes
from Medicago truncatula, one dataset from Solanum tuberosum
and one from hybrid poplar (Populus tremula × Populus alba;
Table 2). Despite great efforts to get the data into a uniform for-
mat and high-quality annotation, such as the MIAME standard
for the description of a microarray experiment (Brazma et al.,
2001), the data are not readily comparable for several reasons.
Firstly, different array platforms were used; data from single-color
microarrays are not directly comparable with data from two-color
arrays. Secondly, the annotation standards are different because
data originally submitted to different databases were combined.
Thirdly, the experiments submitted had been designed for distinct
research purposes and different growth conditions or develop-
mental stages were used. Last but not least, each laboratory has its
individual plant growth system resulting in differences in global
gene expression (Massonnet et al., 2010) and, presumably, also
the cytokinin response. For these reasons, we have chosen eight
microarray experiments which have used the same array plat-
form, the same organism (i.e., Arabidopsis thaliana), a roughly
comparable experimental layout and a sufficient number of repli-
cates, included wild-type data, and had a good overall quality of
the data and traceable sample annotations for the meta analysis
(Table 2).

The meta analysis based on these selected microarray datasets
summarizes the genes most robustly regulated by cytokinin

(Table 3). At the top of the list, there are 6 of the 10 type-A response
regulator genes and 2 more are found among the top 20 cytokinin
response genes. ARR3 ranked in position 66 of the list, while
ARR17 did not have a significant meta-P-value and thus does not
appear to be regulated by cytokinin. Some other genes of cytokinin
metabolism and signaling are also part of this list, including CKX4
and CKX5, which encode cytokinin oxidases/dehydrogenases
(Werner et al., 2001), the UDP-glucosyltransferase gene UGT76C2
encoding a cytokinin-O-glycosyltransferase (Hou et al., 2004), the
cytochrome P450 gene CYP735A2 encoding a cytokinin trans-
hydroxylase involved in trans-zeatin synthesis (Takei et al., 2004),
and the cytokinin receptor gene CRE1/AHK4 (Inoue et al., 2001;
Suzuki et al., 2001). The other histidine kinase gene in the list,
AHK1, encodes a sensor of osmotic stress (Urao et al., 1999;
Tran et al., 2007; Wohlbach et al., 2008). Other well-characterized
genes are also part of this list, such as the cytokinin response
factors CRF2 and CRF5 (Rashotte et al., 2006). Interestingly, in
a co-expression analysis, almost all the genes of the top 25 list
that have a known function in cytokinin metabolism and sig-
naling clustered together (Figure 2A). Expression of CYP735A2
clustered separately with ASL9 (Figure 2A). ASL9 encodes a LOB-
domain transcription factor whose overexpression results in a
dwarf phenotype and alters the cytokinin response of seedlings,
but a loss-of-function phenotype is not known (Kiba et al., 2005;
Naito et al., 2007). One other gene that has not yet been function-
ally linked to cytokinin, FAF3, which is a member of the newly
established FANTASTIC FOUR (FAF) gene family (Wahl et al.,
2010), is part of the central cluster (Figure 2A). FAF3 is most
strongly expressed in the vasculature, where it might have a func-
tion in differentiation, which is regulated by cytokinin (Mähönen
et al., 2006; Bishopp et al., 2011b). No functional information
exists for the genes encoding the ubiquitin-conjugating enzyme
16 (UBC16), the metallo-hydroxylase/oxidoreductase superfam-
ily protein (MHO), and cytochrome P450 CYP82F1. These three
genes show, together with ARR16, the less related (most distinct)
expression profile compared to the known cytokinin-related genes
(Figure 2B).

We were interested whether the top 20 cytokinin-responsive
genes were also targets of other signaling pathways. We, therefore,
analyzed their response to different hormones and environmen-
tal cues using the data sets available from Genevestigator (Hruz
et al., 2008). We selected hormone experiments that employed
conditions similar to those of the cytokinin experiments (Goda
et al., 2008). The heatmap, shown in Figure 3, reveals that sev-
eral of the top 20 cytokinin response genes are the subject of
rapid regulation by other hormones. In most cases, this regulation
appears to cause a reduction of the transcript levels rather than an
induction, and most genes respond at a later time point to these
other hormones than to cytokinin. Treatment with auxin, and
partly also with ABA, for example, causes reduced transcript levels
of numerous cytokinin-responsive genes after 1–3 h (Figure 3).
Surprisingly, the strongest and earliest reactions were seen with
brassinolide (BL) and methyl jasmonate. Expression of CKX4 is
upregulated and expression of CRE1/AHK4, CRF2, and ARR9
is downregulated only 30 min after BL treatment. Stronger and
broader effects of the different hormones on the transcript levels
of cytokinin-regulated genes are seen at later time points (data not

www.frontiersin.org January 2012 | Volume 3 | Article 8 | 143

http://www.ebi.ac.uk/arrayexpress
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Brenner et al. Gene regulation by cytokinin

Table 2 | Cytokinin-related microarray datasets in the ArrayExpress database.

ID Title No. of

arrays

Species Array

platform

Lab Used for

meta

analysis

E-ATMX-3 Transcription profiling of Arabidopsis thaliana

wild type and ARR7 plants to identify

cytokinin response genes at two different

time points

16 Arabidopsis

thaliana

Affymetrix ATH1 J. Kim, Chonnam National

University, South Korea

�

E-ATMX-11 Transcription profiling of Arabidopsis Col-0

wild-type and 35S:ARR1-SRDX transgenic

seedlings either induced with

6-Benzyladenine or mock-treated

36 A. thaliana CATMA v2.4 T. Schmülling, Freie

Universität Berlin,

Germany

E-CAGE-49 Transcription profiling of Arabidopsis plants

(tup3 mutant and Col-0gl ) in cotyledon stage

after treatmeant with cytokinin or auxin for

different times

56 A. thaliana CATMA v2.3 T. Schmülling, Freie

Universität Berlin,

Germany

E-CAGE-111 Cytokinin induction of roots and shoots 40 A. thaliana CATMA v2.3 T. Schmülling, Freie

Universität Berlin,

Germany

E-CAGE-169 Transcription profiling of Arabidopsis roots in

response to cytokinin treatment and

phosphate deprivation

16 A. thaliana CATMA v2.3 R. Solano, Centro Nacional

de Biotechnología, Spain

E-CAGE-170 Transcription profiling of Arabidopsis roots of

mutant in response to cytokinin treatment

12 A. thaliana CATMA v2.3 R. Solano, Centro Nacional

de Biotechnología, Spain

E-CAGE-191 Transcription profiling of Arabidopsis roots in

response to cytokinin treatment and

phosphate deprivation

16 A. thaliana CATMA v2.3 R. Solano, Centro Nacional

de Biotechnología, Spain

E-GEOD-1766 Transcription profiling of Arabidopsis

seedlings treated with 6-Benzyl

adenine – time series

13 A. thaliana Affymetrix ATH1 T. Schmülling, Freie

Universität Berlin,

Germany

�

E-GEOD-5698 Transcription profiling of Arabidopsis

cytokinin treatment of

seedlings – AtGenExpress

12 A. thaliana Affymetrix ATH1 T. Mizuno, Nagoya

University, Japan

�

E-GEOD-5725 Transcription profiling of Arabidopsis

Agrobacterium tumefaciens-induced tumor

development

4 A. thaliana Affymetrix ATH1 R. Deeken, Universität

Würzburg, Germany

E-GEOD-6148 Transcription profiling of Arabidopsis cells

cultures undergoing transdifferentiation

6 A. thaliana Affymetrix ATH1 D. Brown, Nottingham

Arabidopsis Stock Centre,

United Kingdom

E-GEOD-6832 Transcription profiling of Arabidopsis aerial

parts of seedlings after cytokinin

12 A. thaliana Affymetrix ATH1 H. Sakakibara, RIKEN Plant

Science Center, Yokohama

�

E-GEOD-15049 The cytokinin type-B response regulator

PtRR13 is a negative regulator of

adventitious root development in Populus

39 Populus trem-

ula × Populus

alba

Nimblegen

Populus

trichocarpa array

J. M. Davis, University of

Florida, USA

E-GEOD-20231 Transcript profiling of auxin/cytokinin

crosstalk in the Arabidopsis primary root

apex

14 A. thaliana Affymetrix ATH1 K. Ljung, Umeå Plant

Science Centre, Sweden

�

E-GEOD-20232 Cytokinin treatment on roots of seedlings 12 A. thaliana Affymetrix ATH1 H. Sakakibara, RIKEN Plant

Science Center, Yokohama

�

E-MEXP-125 Transcription profiling of Arabidopsis ARR2

mutants vs wild type

5 A. thaliana Syngenta Virtual

Array

K. Harter, Universität zu

Köln, Germany

E-MEXP-254 Transcription profiling of Plasmodiophora

brassicae infection of Arabidopsis thaliana

12 A. thaliana Affymetrix AG J. Siemens, Technische

Universität Dresden,

Germany

(Continued)
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Table 2 | Continued

ID Title No. of

arrays

Species Array

platform

Lab Used for

meta

analysis

E-MEXP-344 Transcription profiling of 5 to 7 days old

Arabidopsis thaliana seedlings of wild type

(Col-0) and the cytokinin-deficient transgenic

line 35S:CKX1

10 A. thaliana Affymetrix ATH1 T. Schmülling, Freie

Universität Berlin,

Germany

E-MEXP-432 Transcription profiling of inducible

overexpression of Arabidopsis meristem

regulators by AlcR/AlcA system in

continuous light

10 A. thaliana Affymetrix ATH1 J. U. Lohmann, Max Planck

Institute for

Developmental Biology,

Germany

E-MEXP-749 Transcription profiling time series of

Arabidopsis seedlings treated with the

cytokinin benzyladenine or DMSO

13 A. thaliana Affymetrix AG J. J. Kieber, University of

North Carolina, USA

E-MEXP-1154 Transcription profiling of wild type and athk1

knock-down Arabidopsis plants under

dehydration stress conditions

4 A. thaliana Agilent

Arabidopsis 2

K. Yamaguchi-Shinozaki,

University of Tokyo, Japan

E-MEXP-1155 Transcription profiling of wild type, athk1

knock-down and athk2/athk3 knockout

Arabidopsis plants under non-stress

conditions

4 A. thaliana Agilent

Arabidopsis 2

K. Yamaguchi-Shinozaki,

University of Tokyo, Japan

E-MEXP-1442 Transcription profiling of Medicago truncatula

with benzylaminopurine treatment to the

root tips and untreated control plants

4 Medicago

truncatula

UNIBI-

Mt16kOLI1Plus

F. Frugier, Institut des

Sciences du Végétal,

France

E-MEXP-1573 Transcription profiling of wild type and

arr1,10,12 mutant Arabidopsis seedlings

treated with the cytokinin benzyladenine

8 A. thaliana Affymetrix ATH1 E. G. Schaller, Dartmouth

College, USA

�

E-MEXP-2270 Transcription profiling of Arabidopsis wild

type, 35S-ARR7, arr7, and 35S-ARR15

treated with cytokinin, auxin, or both

32 A. thaliana Affymetrix ATH1 J. U. Lohmann, Max Planck

Institute for

Developmental Biology,

Germany

�

E-MEXP-2350 Transcription profiling of Arabidopsis thaliana

AP1::AtIPT4 transformants vs wild-type

plants to identify the candidate genes

responsive to cytokinin

6 A. thaliana Affymetrix ATH1 X. S. Zhang, Shandong

Agricultural University,

China

E-MEXP-2921 Transcription profiling by array of potato tuber

buds from wild type and AtCKX1 expressing

tubers treated with gibberellic acid

12 Solanum

tuberosum

POCI S

tuberosum 44K

v2

S. Sonnewald, Friedrich-

Alexander-Universität

Erlangen-Nürnberg,

Germany

E-NASC-75 Transcription profiling of aerial parts of

Arabidopsis seedlings treated with the

cytokinin trans-zeatin

12 A. thaliana Affymetrix ATH1 H. Sakakibara, RIKEN Plant

Science Center, Yokohama

Microarray datasets available in July 2011 are listed here. The datasets used for the meta analysis (Table 3) are indicated in the last column.

shown). Taken together, this supports the idea that the antagonis-
tic and agonistic action of cytokinin and different hormones are,
at least partly, realized through transcriptional regulation of the
same target genes.

A second analysis for the changes in transcript abundance
of the top 20 cytokinin response genes was made in a similar
fashion for their responses to different stresses or environmental
cues. An arbitrary selection of the resulting heatmaps is shown
in Figure 4. Most stress conditions (heat, drought, osmotic and
biotic stress, high light irradiation) caused a reduced expression

of cytokinin response genes. An exception is cold stress, which
induced an increase of transcript levels in most cases. Short treat-
ments (45 min) with blue or red light did not cause changes of the
transcript abundance of the genes analyzed, while UV-B light was
repressive, at least after 6 h treatment. As most stress treatments
inhibit growth, it could be that the downregulation of cytokinin-
responsive genes is an early indication of such growth inhibitory
activity. We hypothesize that modulation (i.e., mostly a reduction)
of the cytokinin status is a common part of the general stress
response, and that this modulation is required to redirect the use
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Table 3 |Top 25 genes of a meta analysis across selected transcript

profiling experiments of Arabidopsis thaliana performed with

Affymetrix ATH1 arrays.

AGI Meta P Average ratio Encoded protein

AT1G74890 214.45 6.90 ARR15

AT3G48100 206.35 7.56 ARR5

AT2G40670 189.62 5.37 ARR16

AT1G19050 169.59 4.96 ARR7

AT1G10470 164.68 2.74 ARR4

AT5G62920 163.05 5.34 ARR6

AT1G16530 157.32 3.11 ASL9

AT5G05860 154.99 2.47 UGT76C2

AT3G57040 144.94 2.55 ARR9

AT5G19260 136.46 2.72 Protein of unknown function

(DUF3049)

AT4G29740 133.59 3.48 CKX4

AT4G03610 131.02 2.92 Metallo-hydrolase/oxidoreductase

superfamily protein

AT4G23750 130.50 2.22 CRF2

AT2G01830 128.24 2.35 CRE1/AHK4

AT2G17820 125.80 2.98 AHK1

AT1G75440 124.56 2.35 UBC16

AT2G46310 124.16 2.64 CRF5

AT1G67110 124.03 6.45 CYP735A2

AT2G41310 122.30 2.72 ARR8

AT2G25160 120.28 5.16 CYP82F1

AT2G40230 119.64 2.26 HXXXD-type acyltransferase

family protein

AT1G13420 117.93 8.20 ST4B

AT1G75450 115.82 2.24 CKX5

AT2G30540 114.84 1.99 Thioredoxin superfamily protein

AT3G62930 114.26 2.19 Thioredoxin superfamily protein

Raw data of eight datasets with the accessions E-ATMX-3, E-GEOD-

1766, E-GEOD-5698, E-GEOD-6832, E-GEOD-20231, E-GEOD-20232, E-MEXP-

1573, and E-MEXP-2270 were downloaded from the ArrayExpress database

(www.ebi.ac.uk/arrayexpress).The experiments were re-evaluated using an RMA-

based analysis pipeline written in R using the limma (Smyth, 2005) and affy

(Irizarry et al., 2005) packages. P-values for cytokinin-induced wild-type samples

vs untreated wild-type samples were calculated. A meta-P-value was calculated

for each gene by adding the negative log2 of the P-values of the individual experi-

ments.The genes were then ranked by the meta-P-value. A gene having a P-value

of 0.01 in all 11 experiments would have a meta-P-value of 53.15. According to this

cut off, 1606 genes would be significantly regulated by cytokinin in the selected

experiments. The meta-P-value of the last gene in this table corresponds to a

P-value of 0.00005 in all eight experiments.

of plant resources for the stress response and no longer to maintain
growth. Consistently, there is a tendency that stress responses are
accompanied by a reduction of the cytokinin content (Hare et al.,
1997).

THE FUNCTIONAL CONTEXT OF CYTOKININ-REGULATED GENES
Regulation of the transcript abundance of a given gene can be
an indication for its functional relevance in a cytokinin-regulated
process. The gene expression profiling studies described a plethora

of candidate genes. More than 3000 Arabidopsis genes in total have
been described as being regulated by cytokinin. We were interested
to know which genes related to which processes would be found
independently by different laboratories. We have screened, there-
fore, the existing publications and show in Table 4 an arbitrary
and non-exhaustive compilation of genes that were identified at
least three times in the 13 existing studies (see Published Stud-
ies on the Cytokinin-Regulated Transcriptome; Table 2). Some
of the genes were identified up to 10 times, indicating that they
are highly sensitive to a change in the cytokinin status (Table 4).
Interestingly, the same cytokinin metabolism genes as in the meta
analysis (Table 3), namely CKX4, CYP735A2, and UGT76C2 (see
previous chapter), were found most often by different laboratories.
This overlap indicates that similar relevant genes might be found
by both approaches supporting the validity of the meta analysis
(Table 3).

A closer inspection of the functional context of the cytokinin-
regulated genes has revealed a number of common themes which
provide insights into the great variety of cytokinin actions. The
processes that were identified range from crosstalk with other hor-
mones, to different events related to growth (e.g., cell expansion,
meristem activity), the redox state, and various biotic and abi-
otic stresses (Table 4). In the following sections, we discuss several
of these genes. Detailed discussions of the functional context of
some other cytokinin-regulated genes can also be found in several
of the transcriptomic studies (Rashotte et al., 2003; Kiba et al.,
2004, 2005; Brenner et al., 2005; Brenner and Schmülling, submit-
ted). Importantly, genetic studies have provided evidence in some
cases that the indications of a putative functional relevance con-
cluded from cytokinin-sensitive changes of transcript abundance
are indeed reflected by a role of the hormone in the respective
process.

Crosstalk between cytokinin and other phytohormones
Among the more than 20 auxin-related genes that were found
to be regulated by cytokinin are many that are also regulated by
auxin, indicating that the auxin–cytokinin crosstalk may often
be realized through transcriptional regulation. The list com-
prises five AUX/IAA genes and eight SAUR-like genes, including
SAUR-AC1 (Table 4). However, only two of these, SHY2/IAA3
and AXR3/IAA17, were found in four independent studies. The
AUX/IAA genes encode negative regulators of auxin signaling
rapidly degraded upon an auxin stimulus through the ubiquitin–
proteasome pathway (Dharmasiri et al., 2005; Kepinski and Leyser,
2005). Transcription of SHY2/IAA3 is directly activated by the
type-B response regulator ARR1 in the root meristem (Dello Ioio
et al., 2008b). Its activation leads to cell differentiation by auxin
redistribution caused by its negative effect on genes encoding PIN
auxin efflux carriers. Regulation of PIN genes by cytokinin has
also been reported by others (Laplaze et al., 2007; Růžicka et al.,
2009; Bishopp et al., 2011b,c; Yoshida et al., 2011). The function of
AXR3 in auxin signaling is of a more general type. It was reported
to have functions in leaf development, apical dominance, several
aspects of root development, and crosstalk with brassinosteroids
(Leyser et al., 1996; Pérez-Pérez et al., 2010). The role of the SAUR-
like genes has remained unclear thus far (Jain et al., 2006), apart
from reports about one rice SAUR gene, which acts as a negative
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AT1G19050
ARR7

AT1G74890
ARR15

AT3G48100
ARR5

AT5G62920
ARR6

AT2G41310
ARR8

AT1G10470
ARR4

AT5G05860
UGT76C2

AT2G46310
CRF5

AT1G67110
CYP735A2

AT1G16530
ASL9

AT4G23750
CRF2

AT4G29740
CKX4

AT4G03610
fam.MHO

AT2G25160
CYP82F1

AT1G75440
UBC16

AT2G01830
CRE1/AHK4

AT5G19260
FAF3
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FIGURE 2 | Co-expression and clustering analysis of cytokinin response

genes. (A) The relationships among the top 20 cytokinin response genes
(seeTable 2) is visualized by co-expression analysis. For this analysis,
expression profiles of the top 20 gene were obtained from 1388 array
experiments from the ATTED-II database (Obayashi et al., 2011). Among
these were 236 tissue-specific arrays, 534 abiotic stress arrays, 200 biotic
stress arrays, 200 hormone arrays, and 48 light arrays. The expression
profiles were analyzed using the ATTED-II database Mutual Rank (MR)

calculations were used to quantify the similarity of the gene expression
profiles (Obayashi et al., 2009). The co-expression network was drawn with
the Network Drawer (http://atted.jp/top_draw.shtml#NetworkDrawer) and
modified. (B) Hierarchical clustering of cytokinin response genes. The
clustering was performed by using the single linkage method (ATTED-II
database; Obayashi et al., 2011). For each query gene, the Mutual Rank was
averaged from its co-expressed gene list and their distances were plotted as
log10 of the Mutual Rank value.
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FIGURE 3 | Regulation of cytokinin response genes by different

hormones. The hormonal meta-profile analysis of the top 20 cytokinin
response genes (seeTable 2) was established using the Genevestigator
database (http://www.genevestigator.com/gv/index.jsp; Hruz et al., 2008) and
modified. Only the hormone experiments described by Goda et al. (2008)
were considered as tissues (i.e., seedlings); time points and other
experimental conditions were most similar to those used for the cytokinin
treatments. The gene expression responses are calculated as ratios between

hormone-treated and mock-treated samples. The resulting heatmap is color
coded as indicated and thus reflects the up- (red color) or downregulation
(green color) of genes. Each experiment can be retrieved from the
NASCArrays database (Craigon et al., 2004) by using their unique ID.
Abbreviations used in the figure: d, days; h, hours; min, minutes; μM,
micromolar; CK, cytokinin; IAA, indole-3-acetic acid; ACC,
1-aminocyclopropane-1-carboxylic acid; ABA, abscisic acid; GA, gibberellic
acid; BL, brassinolide; MeJa, methyl jasmonate.

regulator of auxin synthesis and transport (Kant and Rothstein,
2009; Kant et al., 2009). No specific role related to cytokinin has
been revealed for these genes.

Auxin–cytokinin interaction also plays a role in shoot apical
meristem control (Zhao et al., 2010). The absence of meristem
control genes, which are known to be regulated by cytokinin, such
as CLV1 (Lindsay et al., 2006; Gordon et al., 2009; Bartrina et al.,
2011), from the microarray data is probably due to the fact that
either their regulation was not detected, or that the transcripts were
too low in abundance, both due to the small size of their respective
expression domains in comparison to the tissues which were sam-
pled for the transcriptome studies. Similarly, cytokinin-regulated
auxin genes involved in the patterning of the root vasculature,
where auxin and cytokinin act in a signaling loop causing the
mutual restriction of the active domains of the respective other
hormone (Bishopp et al., 2011b,c), were missed, probably for the

same reasons. A possible exception is FAF3, a novel gene which
was discussed in Section “A Meta Analysis of Publicly Available
Microarray Data Sets.”

Cytokinin also interacts with ethylene. It causes the upregu-
lation of four aminocyclopropane-1-carboxylate synthase (ACS)
genes involved in ethylene biosynthesis, as well as six ethylene-
sensitive transcription factor genes of the ERF/AP2 family. How-
ever, none of these genes has been identified in more than two
different studies. Whether the upregulation of the transcription
factors is directly caused by cytokinin, or whether it is indirectly
mediated by increased ethylene levels due to the induction of ACS
genes, cannot be decided based on the array experiments sum-
marized here. It is known that part of the cytokinin response is
mediated through ethylene as a second messenger, such as the reg-
ulation of root architecture (Cary et al., 1995; Laplaze et al., 2007;
Růžicka et al., 2009).
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FIGURE 4 | Regulation of cytokinin response genes by different

environmental cues. The meta-profile analysis for the changes in transcript
abundance of the top 20 cytokinin response genes (Table 2) in response to
different stresses or environmental cues was established with the
Genevestigator database (http://www.genevestigator.com/gv/index.jsp; Hruz
et al., 2008) and modified. The figure shows an arbitrary selection of
experiments which was selected based on one of the following criteria: (i)
Stress (abiotic and biotic) treatment of wild-type plants; (ii) nutrient changes
deprivation) and other treatments of wild-type plants; and (iii) only
experiments using Col-0 were considered unless otherwise specified. If data
for several time points after the treatments were available, data showing early

time points were preferred. The gene expression responses are calculated as
log2-ratios between the signal intensities from different stress or nutritional
treatments compared to control or mock-treated samples. The resulting
heatmap is color coded as indicated, and thus reflects the up- (red color) or
downregulation (green color) of genes. A gray color indicates that gene
expression was not detectable in both treatment and control conditions. The
individual experiments are available from various repositories, such as gene
expression omnibus (GEO; Edgar et al., 2002), ArrayExpress (Rocca-Serra
et al., 2003), and TAIR (Swarbreck et al., 2008), and can be retrieved by using
their unique ID. Abbreviations used in the figure: d, days; vs., versus; Ws,
Wassileskija; Col-4, Columbia-4; NA, not available.
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Table 4 | Selection of developmental and physiological processes in which cytokinin-regulated genes participate.

Annotated function Examples of

regulated genes

AGI Reference codes*

Abiotic stress:

70 genes, including 10 HSP, 7 peroxidase, 6 thioredoxin,

2 glutaredoxin genes

AHK1 AT2G17820 1, 2, 4, 6, 7, 8, 10
ANNAT4 AT2G38750 3, 4, 6, 7, 8

GSTU26 AT1G17190 4, 6, 7, 8, 11, 12

Thioredoxin AT2G30540 3, 6, 8, 9, 10

Thioredoxin AT3G62930 4, 6, 8, 9

Auxin action:

30 genes, including 9 SAUR-like and 4 Aux/IAA genes

AXR3 AT1G04250 1, 3, 8, 12
IAA3 AT1G04240 3, 5, 7, 9

Biotic stress:

61 genes, including 4 dirigent-like and 6WRKY genes

Dirigent-like AT4G11190 3, 4, 6, 8, 9, 11
Dirigent-like AT4G11210 3, 6, 8, 9

NLM1 AT4G19030 3, 6, 7, 8, 9, 11

YLS9 AT2G35980 3, 7, 8, 11

Cell wall:

42 genes, including 13 expansin, 4 laccase, 6 pectin-modifying, and

5 xyloglucan-modifying genes

EXP1 AT1G69530 1, 2, 3, 5, 6, 8, 9

Cytokinin homeostasis:

10 genes, including 5 cytokinin oxidase/dehydrogenase and 2 purine

permease genes

CKX4 AT4G29740 2, 3, 4, 6, 8, 9, 10, 11, 12
CYP735A2 AT1G67110 3, 6, 8, 9, 10, 11

UGT76C2 AT5G05860 4, 6, 8, 12

Primary metabolism (including regulation):

35 genes, including 10 trehalose-6-phosphate metabolism genes

Cell wall invertase 1 AT3G13790 1, 7, 8, 12

Root apical meristem:

12 genes, including 3 thalianol metabolism genes

THAD AT5G47990 4, 6, 7, 8
THAH AT5G48000 6, 7, 8, 12

THAS AT5G48010 6, 7, 8

Transcription:

98 genes, including 4 bHLH, 3 CRF, 5 other ERF/AP2, 3 HAT, 9 MYB,

4WRKY genes

ASL9 AT1G16530 3, 6, 8, 10, 11
ATR1 AT5G60890 1, 2, 6, 8, 12

CRF2 AT4G23750 1, 3, 4, 6, 7, 8, 9, 12

CRF5 AT2G46310 3, 4, 6, 7, 8, 9

Ethylene action: 18 genes, including 4 ACC synthase, 6 ethylene-sensitive ERF/AP2 transcription factor genes

Gibberellin action: 12 genes, including GA4, GNL, GNC

Light signalling/response: 20 genes, including 4 NPH3 family genes

Nutrient uptake: 17 genes, including 3 AMT, 4 NRT, 2 PHT, 3 SULTR family genes

Photosynthesis: 12 genes, including 4 LHCB2 genes

All genes listed in 12 medium- and large-scale transcriptomic studies related to cytokinin were collected and functionally annotated to generate this non-exhaustive

list of developmental and physiological processes in which cytokinin-regulated genes participate. Functional categories harboring either a particularly large number

of genes or genes found in three or more publications were included in this table. Single genes listed in four or more studies, or genes belonging to an operon-like

structure were considered. The genes encoding proteins of the cytokinin signaling system have not been listed. Compilations of their roles in various biological

processes can be found elsewhere (Heyl et al., 2011; Müller, 2011). *Reference codes: 1, Che et al. (2002); 2, Hoth et al. (2003); 3, Rashotte et al. (2003); 4, Kiba et al.

(2004); 5, Brenner et al. (2005); 6, Kiba et al. (2005); 7, Rashotte et al. (2006); 8, Lee et al. (2007); 9, Taniguchi et al. (2007); 10, Yokoyama et al. (2007); 11, Argyros

et al. (2008); 12, Heyl et al. (2008).

The interaction of cytokinin with gibberellins (GA) is reflected
on the molecular level by the regulation of two GATA transcrip-
tion factor genes, GNL/CGA1/GATA22 and GNC/GATA21. It was
shown in a recent genetic study that both GNL and GNC are direct
targets of the GA signaling pathway, and that both negatively reg-
ulate germination, greening, leaf expansion, and flowering time
(Richter et al., 2010). Additionally, GNL seems to have a role
in chloroplast development, as GNL overexpressors developed
chloroplasts in illuminated roots, while a gnl mutant formed fewer
chloroplasts in the hypocotyl of seedlings. It has been proposed

that GNL integrates signaling pathways of light, GA, and cytokinin
(Köllmer et al., 2011). Cytokinin also appears to interfere with
GA activity by regulating the GA synthesis gene GA4 and the GA
signaling genes RGA and GAI, both encoding DELLA repressor
proteins. Together, cytokinin action caused a reduction of GA
activity (Brenner et al., 2005).

Cytokinin affects different parts of the plant cell
One of the most frequently listed genes in the present microar-
ray studies encodes the expansin EXP1. Twelve other expansin
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genes were found in at least two microarray studies, along with
18 other cell wall-related genes (Table 4). Expansins are thought
to be involved in weakening the structure of the cell wall, which
is required for cell expansion, and thus growth. Links between
cytokinin and cell wall-related genes have been found previously
(Downes and Crowell, 1998). A cytokinin-induced change of wall
extensibility has also been directly measured (Thomas et al., 1981),
and a negative influence of cytokinin signaling on cell wall thick-
ness has been reported (Jung et al., 2008). However, detailed
investigations on the role of EXP1 and other cell wall-related genes
in growth regulation by cytokinin have not yet been published.

Cytokinin has been known to have a positive effect on
chloroplast development, performance, and longevity for a long
time (Staetler and Laetsch, 1965; Parthier, 1979; Chory et al.,
1994; Yaronskaya et al., 2006; Okazaki et al., 2009; Brenner and
Schmülling, submitted), and may thus influence photosynthesis.
It affects the transcript abundance of genes encoding plastid-
localized proteins (Zubo et al., 2008), and a proteomic study
identified about 50% of the cytokinin-regulated proteins to be
localized in the chloroplast (Cerný et al., 2011). Furthermore,
cytokinin appears to exert a protective activity on biochemical
processes associated with photosynthesis (Rivero et al., 2009). Four
of the six genes found to be induced by cytokinin in at least two
publications belong to the LHCB2 family, encoding components
of the light harvesting complexes. This is in accordance with the
influence of cytokinin on the relative amount of light harvest-
ing complexes (Šiffel et al., 1992; Catský et al., 1993) and on the
accumulation of light harvesting complex mRNAs and proteins
(Marziani Longo et al., 1990).

Cytokinin as a regulator of metabolism genes
Several genes annotated as linked to root growth but rarely con-
sidered in cytokinin-related studies were identified. The THAD,
THAH, and THAS genes are required for the synthesis of thalianol,
which is a triterpene of unknown function (Field and Osbourn,
2008). The genes are organized in an operon-like fashion (Field
and Osbourn, 2008). The operon includes another gene encoding
an acyltransferase of unknown function (At5g47980) which has
also been found in numerous microarray studies to be regulated
by cytokinin (Kiba et al., 2004, 2005; Rashotte et al., 2006; Lee
et al., 2007; Argyros et al., 2008; Heyl et al., 2008). Interestingly,
plants with a higher thalianol content show a stunted shoot growth
but have longer roots (Field and Osbourn, 2008), both pheno-
typic features reminiscent of cytokinin-deficient plants (Werner
et al., 2003). However, the exact role of thalianol in regulating
root and shoot growth and its possible interplay with cytokinin is
unknown.

A function of cytokinin in regulating uptake and metabolism
of different nutrients – nitrogen, sulfate, phosphate, and iron – has
been known for some time (Sakakibara et al., 2006; Ribot et al.,
2008; Argueso et al., 2009; Igarashi et al., 2009; Rubio et al.,
2009). This is supported by the regulation of nitrogen (AMT,
NRT ), sulfate (SULTR), and phosphate (PHT ) transporter genes
by the hormone (Table 4). In the case of nitrate, genes encod-
ing both high-affinity (NRT1) and low-affinity (NRT2) trans-
porters (Crawford and Glass, 1998) are regulated by cytokinin.
NRT1.1 – also cytokinin-regulated – functions as a nitrate sensor

(Ho et al., 2009), suggesting an influence of cytokinin on nitrate
sensing. The reciprocal signaling relations between nitrogen and
cytokinin were reviewed recently (Kiba et al., 2011). One of
the three ammonium transporters, AMT1;3, has a major role in
ammonium-triggered lateral root branching (Lima et al., 2010).
The sulfate transporter SULTR1;2 is responsible for sulfate uptake
into the roots, while the exact role of the other two sulfate trans-
porters, SULTR3;1 and SULTR3;4, is not yet clear. SULTR1;2 and
SULTR1;1 were shown to be negatively regulated by cytokinin
in a partially CRE1/AHK4-dependent manner, associated by a
decrease in sulfate uptake (Maruyama-Nakashita et al., 2004).
The functions of the phosphate transporters PHT1;2 and PHT1;4
are not restricted to phosphate uptake from the soil into the
root, but extend to broader roles in phosphate remobilization
and distribution throughout the whole plant (Mudge et al.,
2002).

Nineteen genes involved in primary metabolism and its reg-
ulation were identified, however, only the one encoding cell wall
invertase 1 was found repeatedly (Table 4). Cell wall invertases pro-
vide hexose sugars to cells by cleavage of sucrose in the cell wall.
The provision of either hexoses or sucrose has a regulatory poten-
tial for source–sink relationships and carbon utilization, as well
as for development (Sherson et al., 2003). Total cell wall invertase
activity was shown to be reduced in the source leaves of cytokinin-
deficient plants (Werner et al., 2008), and cell wall invertase 1
expression was consistently found to be increased by cytokinin
in the transcriptomics studies summarized here. Ten of the 19
genes assigned to the category primary metabolism are involved
in trehalose-6-phosphate metabolism. Trehalose-6-phosphate is
also regulated by source–sink relationships and carbon utilization,
and plants with a disturbed trehalose-6-phosphate homeostasis
show severe developmental and metabolic defects (Schluepmann
et al., 2003, 2004; Dijken et al., 2004). It was shown that trehalose
synthesis genes are regulated by cytokinin in an opposite fash-
ion than genes encoding trehalose-degrading enzymes, supporting
the idea that trehalose-6-phosphate levels are regulated, at least
partly, by cytokinin (Brenner et al., 2005). In summary, the gene
regulatory data indicate that cytokinin action on source–sink rela-
tionships and carbon utilization could be accomplished through
the regulation of cell wall invertase and trehalose-6-phosphate
metabolism genes.

Cytokinin and light
Cytokinin regulates the transcript levels of four NPH3-like genes,
which have an annotated function in light signaling. How-
ever, NPH3 proteins are involved in various signaling path-
ways. Its founding member interacts with the blue light receptor
NPH1/PHOT1 and with the E3 ubiquitin ligase component CUL3;
the resulting degradation contributes to photomorphogenesis and
leaf positioning (Motchoulski and Liscum, 1999; Pedmale and Lis-
cum, 2007; Inoue et al., 2008). Five other NPH3-like genes have
been linked with auxin-regulated organogenesis acting through
influencing the polar localization of PIN proteins (Treml et al.,
2005; Cheng et al., 2007; Furutani et al., 2007, 2011). The four
NPH3-like genes found repeatedly to be regulated by cytokinin,
two of which are closely related phylogenetically, have not yet been
functionally described.
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The transcript level of three genes encoding members of
the phytochrome signaling pathway is regulated by cytokinin
in the combined microarray dataset: PHYA, the phytochrome
kinase substrate PKS1, and the GRAS transcription factor gene
PAT1. PHYA has functions in far-red-dependent de-etiolation,
day-length sensing, internode and leaf growth, and shade avoid-
ance (Schepens et al., 2004). PKS1 is a negative regulator of
phytochrome signaling (Fankhauser et al., 1999; Lariguet et al.,
2003) and is also necessary for blue light-induced phototropism
in a phyA-dependent manner (Lariguet et al., 2006; Boccalan-
dro et al., 2008). PAT1 is a member of the transcription fac-
tor GRAS family and specifically involved in an early stage of
phyA signaling (Bolle et al., 2000). The transcriptional regulation
of genes involved in phytochrome signaling pathways is consis-
tent with known links between cytokinin and light responses
(Argueso et al., 2009; Werner and Schmülling, 2009; Yoshida et al.,
2011).

Cytokinin regulation of transcription factor genes
Gene expression studies have revealed very early that cytokinin
acts downstream of the TCS through activating transcriptional
cascades (Rashotte et al., 2003; Brenner et al., 2005), and several
studies have identified functionally relevant cytokinin-regulated
transcription factor genes (Argueso et al., 2010). Other cytokinin-
regulated transcription factor genes are still looking for a func-
tion (CRF2, CRF5; see above), or have, so far, only be studied
by overexpression, such as ASL9 (Naito et al., 2007), bHLH64,
HAT4, HAT22, and GATA22/CGA1/GNL (Köllmer et al., 2011).
Cytokinin regulates the transcript levels of many other tran-
scription factor genes, and seven of them have been detected
in at least four publications describing transcriptomic studies
(Table 4). No function is yet known for most of them, such as
the zinc finger transcription factor At1g68360, which was found
to be also regulated by auxin (Pufky et al., 2003) and cold stress
(Vergnolle et al., 2005), or the B-box zinc finger transcription fac-
tor STH7 (Datta et al., 2008), which responded to molecules in
wildfire smoke that stimulate seed germination (Nelson et al.,
2010). The bZIP transcription factor BZIP11 (formerly known
as ATB2) is interesting because it has been proposed to be a pow-
erful regulator of carbohydrate metabolism that functions in a
growth regulatory network including trehalose-6-phosphate (see
Cytokinin as a Regulator of Metabolism Genes; Ma et al., 2011).
BZIP11 controls the sink strength by regulating the expression
of genes in young sink tissue (Delatte et al., 2011). In addi-
tion, it has been shown to control two genes encoding enzymes
in amino acid metabolism, ASN1 and ProDH2. ATR1 encodes a
transcription factor of the MYB family, which is the key regu-
lator of genes involved in the biosynthesis of glucosinolates and
auxin from tryptophane (Celenza et al., 2005). Its regulation by
cytokinin provides another facet to the cytokinin–auxin crosstalk.
TZF1 encodes a zinc finger protein which has been identified
as a regulated gene in studies on the carbon status (Contento
et al., 2004; Lin et al., 2011), disease and insect defense (Car-
tieaux et al., 2003; Ascencio-Ibáñez et al., 2008), stress tolerance
(Kasukabe et al., 2004; Lin et al., 2011), development of male and
female reproductive organs (Alves-Ferreira et al., 2007; Skinner
and Gasser, 2009), and ABA and GA signaling (Lin et al., 2011). Its

mode of action is currently under investigation (Pomeranz et al.,
2011)

A role for cytokinin in the stress response
Many cytokinin-responsive genes are also regulated by different
abiotic and biotic stresses (Figure 4). One important type of abi-
otic stress influenced by cytokinin appears to be oxidative stress,
as many genes encoding enzymes involved in relieving oxida-
tive stress – peroxidases, thioredoxins, and glutaredoxins – were
found to be regulated by the hormone in different microar-
ray studies (Table 4). A beneficial effect of cytokinin in coping
with oxidative stress has been described (Zavaleta-Mancera et al.,
2007). Two thioredoxin genes, At2g30540 and At3g62930, were
particularly often named in the publications listed in Table 4.
They were consistently found among the most strongly cytokinin-
regulated genes in the meta analysis, namely at position 24 and 25,
respectively (Table 3). No precise function has yet been assigned
to these genes. Generally, thioredoxins regulate the redox sta-
tus of disulfide bonds of their target proteins, thereby supplying
reducing power for reductases, which detoxify lipid hydroperox-
ides or repair damaged proteins. In addition to these functions,
they may have roles in oxidative stress signaling or as regulators
of scavenging mechanisms (Vieira Dos Santos and Rey, 2006).
Three other genes related to abiotic stress, AHK1, ANNAT4, and
GSTU26, were listed in 6 or 7 of the 13 cytokinin-related tran-
scriptomics studies, suggesting a relevant influence of cytokinin
on their related field of action. AHK1 encodes a histidine kinase
receptor structurally related to the cytokinin receptors and func-
tions as a positive regulator of drought and salt stress responses
and ABA signaling (Tran et al., 2007). ANNAT4 encodes an
annexin, a calcium-dependent membrane-binding protein that
mediates osmotic stress and abscisic acid signal transduction in
Arabidopsis (Lee et al., 2004). The glutathione S-transferase gene
GSTU26 is also induced by low temperature (Nutricati et al.,
2006).

A link between cytokinin and biotic stress has been suggested
because altered cytokinin levels have been observed after pathogen
infection (Clarke et al., 1999; Maksimov et al., 2002) and an altered
susceptibility to pathogens due to an altered cytokinin status has
been observed (Clarke et al., 1998; Pertry et al., 2009). Therefore,
it was not surprising that several defense-related genes were found
to be regulated by cytokinin in multiple transcriptomic studies,
among them three dirigent-like proteins. They are known to be
transcriptionally induced by biotic stress (Fristensky et al., 1985;
Görlach et al., 1996; Lee et al., 1996; Ralph et al., 2006) and
participate as mediators of stereospecificity in the formation
of lignans (Davin et al., 1997; Burlat et al., 2001), which pos-
sess antiviral, antimicrobial, and cytotoxic properties (MacRae
and Towers, 1984; Mendonça Pauletti et al., 2000; Rahman and
Gray, 2002). NLM1, also known as NIP1;1, encodes an aqua-
porin homolog that determines antimonite and arsenite sensi-
tivity (Kamiya and Fujiwara, 2009; Kamiya et al., 2009) and also
responds to auxin and osmotic stress (Kreps et al., 2002; Goda
et al., 2004). YLS9 is induced in response to various biotic triggers,
including flagellin and the oviposition of butterfly eggs (Navarro
et al., 2004; Michel et al., 2006; Little et al., 2007; Zhao et al.,
2007).
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FUTURE PROSPECTS
A wealth of information has been generated by transcriptomic
studies creating new hypotheses about the functions of cytokinin
and functional mechanisms of its action. Numerous interest-
ing areas deserve further investigation, such as the regulation of
ribosomal genes by cytokinin suggesting translational control of
cytokinin-induced changes (Brenner et al., 2005; Kiba et al., 2005;
Rashotte and Goertzen, 2010; Brenner and Schmülling, submit-
ted). Several developmental processes are affected by mutations
in ribosomal genes, including embryogenesis, root growth, and
leaf development. This points out the functional relevance of
the specific assembly of ribosomal proteins in addition to their
fundamental role in translation, presumably because they have an
effect on the translation of specific proteins (Weijers et al., 2001;
Byrne, 2009; Horiguchi et al., 2011). With the dawn of the era of
next-generation sequencing-based transcriptomics, more data can
be expected from species whose genomes have not been sequenced
thus far. Data from crop species will be of special interest for
applied research given the potential of manipulating the cytokinin

status to achieve yield increase (Ashikari et al., 2005; Bartrina
et al., 2011) or to ameliorate other plant traits relevant for agri-
cultural performance (Werner et al., 2010; Zalewski et al., 2010).
In addition, experimental limitations of the hybridization-based
microarray platform, especially regarding annotation dependency,
sensitivity, dynamic range, and reproducibility, will be overcome.
With the new technologies, the transcriptome of smaller sam-
ples can be evaluated, detecting smaller changes in gene expres-
sion with higher confidence. Therefore, we are looking forward
to an exciting expansion of high-fidelity transcriptomic knowl-
edge across many species. New tools to master the challenge of
making proper use of the huge body of data generated will cer-
tainly facilitate an understanding of the functions of the networks
discovered.
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The plant hormone gibberellin (GA) controls major aspects of plant growth such as ger-
mination, elongation growth, flower development, and flowering time. In recent years, a
number of studies have revealed less apparent roles for GA in a surprisingly broad set of
developmental as well as cell biological processes. The identification of GA receptor pro-
teins on the one end of the signaling cascade, DELLA proteins as central repressors of
the pathway and transcription regulators such as the phytochrome interacting factors and
the GATA-type transcription factors GNC and CGA1/GNL on the current other end of the
signaling cascade have extended our knowledge about how GA and DELLAs regulate a
diverse set of plant responses.
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GIBBERELLINS
The diterpenoid substances of the gibberellin (GA) class were
first described and isolated in the 1920s and 1930s based on the
property of a compound isolated from the rice pathogenic fungus
Gibberella fujikuroi to induce strong elongation growth and other
disease symptoms in rice. After their identification as causative
agent of this so-called bakanae (foolish seedling) disease, it was
later discovered that GAs are also synthesized by plants where
they promote a number of important developmental processes
besides elongation such as germination and flowering. In the fol-
lowing decades, GA biology gained particular attention because it
was recognized that interfering with GA signaling by chemical or
genetic means could be used to modulate plant growth and most
importantly to control crop yield and quality (Peng et al., 1999;
Rademacher, 2000; Hedden, 2003).

The mechanisms that underlie GA action in plant growth con-
trol have mainly been revealed through studies conducted in rice,
Arabidopsis and other model species such as pea and tomato.
There, the analysis of mutants with defects in GA biosynthesis
and signaling as well as the availability of chemical GA biosyn-
thesis inhibitors has allowed the identification of the molecular
components that control GA response during germination (Lee
et al., 2002; Cao et al., 2005; Penfield et al., 2006; Piskurewicz
et al., 2008, 2009; Piskurewicz and Lopez-Molina, 2009), during
hypocotyl elongation and hook formation (Achard et al., 2003,
2007b; Alabadi et al., 2004; Djakovic-Petrovic et al., 2007), in
chlorophyll and anthocyanin accumulation (Jiang et al., 2007;
Richter et al., 2010; Cheminant et al., 2011), in flower develop-
ment and in flowering time control (Cheng et al., 2004; Tyler et al.,
2004; Achard et al., 2007a) as well as in fertilization (Chhun et al.,
2007). More recently, less apparent roles for GAs could be elu-
cidated such as roles in cell proliferation (Achard et al., 2009),
hypocotyl xylem expansion (Ragni et al., 2011), phosphate star-
vation response (Jiang et al., 2007), pathogen responses (Navarro

et al., 2008), oxidative stress response (Achard et al., 2008), and the
response to abiotic environmental cues (Achard et al., 2006).

In order to keep the complexity of the present minireview to an
appropriate level, this review almost exclusively summarizes mol-
ecular results from rice and Arabidopsis thaliana, where the wealth
of genetic resources has enabled gaining the most valuable insights
into GA biology and signaling.

GA SIGNAL TRANSDUCTION – THE BASICS
The discovery of the GA receptor based on the rice gibberellin
insensitive dwarf1 (gid1) mutant in 2005 represented a major
breakthrough in the understanding of the signaling pathway of
this hormone (Ueguchi-Tanaka et al., 2005). While rice has only
one GID1 gene, Arabidopsis has three functional GID1 orthologs,
and the loss of all three Arabidopsis GID1 genes is required for a
complete loss of GA response (Griffiths et al., 2006; Willige et al.,
2007). Following hormone binding, the soluble GID1 proteins
interact with the DELLA growth repressors such as SLENDER
RICE1 (SLR1) in rice (Ikeda et al., 2001) and GIBBERELLIC ACID
INSENSITIVE (GAI; Peng et al., 1997), REPRESSOR-OF-ga1-3
(RGA; Silverstone et al., 1998), and RGA-LIKE1 (RGL1), RGL2,
and RGL3 in Arabidopsis (Lee et al., 2002; Wen and Chang, 2002;
Cheng et al., 2004). In the absence of GA, these DELLA proteins
repress germination, growth, and other GA-dependent processes.
In the presence of GA, the GID1 interaction induces DELLA degra-
dation via the rice SCFGID2 (SKP1-CULLIN-F-BOX complex with
the F-box protein subunit GID2; Sasaki et al., 2003; Gomi et al.,
2004) or the Arabidopsis SCFSLY1 or SCFSNE (SCF complexes with
the F-box protein subunit SLEEPY1 or SNEEZY; Mcginnis et al.,
2003; Dill et al., 2004; Fu et al., 2004; Dohmann et al., 2010; Ari-
izumi et al., 2011) E3 ubiquitin ligases and the 26S proteasome
(Figure 1A).

In monocot and dicot species with only one DELLA pro-
tein, such as rice or tomato, the activity of GA signaling or the
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FIGURE 1 | Different mechanism serve to inactivate DELLA repressors

of the GA signaling pathway. (A) In the “standard” situation, GA-bound
GID1 proteins interact with DELLA repressors and induce their
ubiquitylation and degradation via E3 ubiquitin ligases such as Arabidopsis
SCFSLY1/SNZ or rice SCFGID2. (B) DELLA ubiquitylation and degradation are
defective in E3 ubiquitin ligase mutants such as sly1 or gid2. There, the
GA-promoted GID1–DELLA interaction is sufficient to inactivate DELLAs

and relieve DELLA-imposed growth restraints. (C) GID1 variants with a
substitution of a conserved proline (P) residue can interact with DELLAs in
a GA-independent manner and promote GA signaling independent from
the hormone. Arabidopsis GID1b is a naturally occurring GID1 protein that
has a histidine instead of the proline (P → H). GID1 mutant analyses
additionally revealed that P →A or P → S substitutions render GID1
GA-independent.

progression of GA response can be judged based on the abun-
dance of the DELLA protein and GA responses can be completely
uncoupled from GA signaling in DELLA gene mutants (Itoh et al.,
2002; Bassel et al., 2004). In species with multiple DELLA proteins,
such as Arabidopsis, the latter statement is complicated by the fact
that homeostasis mechanisms are in place that regulate the over-
all abundance of the functionally redundant DELLA proteins via
negative feedback mechanisms that at least in part function via
GA biosynthesis (Peng et al., 1997). E.g., Arabidopsis mutants and
transgenic lines that accumulate the DELLA protein GAI have
reduced levels of the DELLA protein RGA when compared with
wild type plants (Willige et al., 2007). At the same time it is known
that the expression of GA biosynthesis genes is upregulated in such
backgrounds and that reduced RGA levels are the consequence of
increased GA-dependent protein turnover.

DELLA proteins are typically but not exclusively inactivated
by protein degradation. Besides proteasomal degradation, it was
shown that the GA-induced interaction with the GID1 recep-
tors is sufficient to inhibit DELLA activity (Ariizumi et al., 2008;
Ueguchi-Tanaka et al., 2008). This inactivating mechanism allows
to explain the comparatively mild phenotypes of rice gid2 and
Arabidopsis sly1 mutants, E3 ubiquitin ligase subunit mutants that
accumulate very high levels of DELLA proteins. In these mutants,
these inhibitory GA-induced GID1–DELLA protein interactions
can still take place while DELLA ubiquitylation and proteasomal
degradation are blocked (Figure 1B).

In addition, the analysis of a rice gid1 mutant suppressor muta-
tion revealed that GID1 GA receptor variants exist that can interact
with DELLAs in a GA-independent (or GA-hypersensitive) man-
ner (Yamamoto et al., 2010). Biochemical and physiological data
suggest that the substitution of a specific proline residue in GID1,
e.g., by a serine or alanine allows interactions with the DELLA
SLR1 in the absence of GA and that this mutant GID1 variant

can therefore suppress GA-deficiency phenotypes (Figure 1C).
Interestingly, one of the three GID1 proteins from Arabidop-
sis, GID1b, can also interact with DELLAs in a GA-independent
manner (Griffiths et al., 2006; Nakajima et al., 2006). Intrigu-
ingly, the critical proline residue identified in rice GID1 corre-
sponds to a histidine in Arabidopsis GID1b (but to proline in
GID1a and GID1c). Even more so, the GID1b–DELLA protein
interaction becomes entirely GA-dependent when the respective
histidine of GID1b is replaced by a proline (Yamamoto et al.,
2010). It can thus be postulated that GA-independent GA recep-
tor function may be an integral part of GA signaling, in at least
some plant species, where it may serve to fine tune GA-signal
transduction by promoting GA-independent DELLA inactivation
mechanisms.

GA SIGNAL TRANSDUCTION – THE EXTENDED VERSION
The biochemical role of DELLA proteins as biological repressors
of GA responses has been enigmatic for an entire decade (Peng
et al., 1997). In recent years, however, several studies have eluci-
dated the identity of DELLA-interaction partners and have allowed
biochemical modes of action for DELLA function to be proposed.
These studies revealed that the hypothesis about their predicted
role as transcriptional regulators was correct, while at the same
time, the hypothesis about them functioning as DNA-binding
proteins most likely is incorrect.

CROSS-TALK WITH THE PHYTOCHROME INTERACTING FACTORS (PIFs)
Phytochrome interacting factors (PIFs) are a subfamily of basic
helix-loop-helix (bHLH) transcription factors that are charac-
terized by the AP domain, a domain for the binding of the
light-activated Pfr conformer of phytochromes (Leivar and Quail,
2010). DELLAs interact with and regulate the activity of PIF3 and
PIF4 (De Lucas et al., 2008; Feng et al., 2008), and they may also
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regulate the activity of other PIFs (Gallego-Bartolome et al., 2010).
Through these interactions, DELLAs seemingly prevent PIFs from
binding to their cognate promoter binding sites, and they thereby
interfere with the transcriptional activity of PIFs and ultimately
their biological function, e.g., in promoting hypocotyl elongation
(Figure 2A; De Lucas et al., 2008; Feng et al., 2008). Importantly,
PIFs also integrate light signaling through their interaction with
activated phytochrome, and this is followed by their proteaso-
mal degradation. The effect of DELLA-dependent repression on
PIF function is therefore most obvious in – but not necessarily
restricted to – the dark where the effect of GA and DELLAs on PIF
activity can be studied in the absence of the destabilizing effect of
light on PIFs. The proposed DELLA–PIF interaction in the dark
can very nicely explain the apparent photomorphogenic pheno-
type of dark-grown pif mutant seedlings (Leivar et al., 2008, 2009;
Shin et al., 2009) or of seedlings with increased DELLA abundance
and consequently increased DELLA-mediated PIF inactivation
(De Lucas et al., 2008; Feng et al., 2008). Since it is known that
GA levels decline when dark-grown seedlings are transferred to
the light (Achard et al., 2007b), the resulting DELLA stabilization
should lead to a repression of PIF function that is then followed
by the light-induced PIF degradation. In the light, PIF proteins –
albeit present at low levels – are expected to retain functionality in
the light-grown seedling and plant. PIFs, namely PIF1, have also
been proposed to directly promote the expression of the DELLA
genes GAI and RGA, and to indirectly repress GA biosynthesis
gene expression, and to thereby contribute to the homeostasis of
the GA signaling pathway (Oh et al., 2007).

SIGNALING DOWNSTREAM OF PIFs
The two functionally homologous GATA family transcription fac-
tors GLUCOSE NITROGEN CARBON (GNC) and CYTOKININ-
INDUCED GATA FACTOR1/GNC-LIKE (CGA1/GNL) were
identified as putative GA pathway regulators based on their tran-
scriptional regulation by GA. The expression of GNC and GNL
is repressed by PIFs and their transcriptional regulation by GA
and PIFs was found to require the GID1 GA receptors and
DELLA degradation (Figure 2A; Richter et al., 2010). GNC and
CGA1/GNL repress a range of well-established GA responses
including germination,elongation growth,and flowering,and they
promote greening. GNC or CGA1/GNL overexpression results in
plant growth as well as gene expression phenotypes that largely
phenocopy GA-deficiency as well as PIF gene deficiency. Most
importantly, the loss of GNC and CGA1/GNL function partially
suppresses the phenotype of the GA-deficient ga1 mutant. Based
on these criteria, it can be postulated that GNC and GNL are major
GA pathway regulators downstream of the DELLAs and the PIFs.
Since the expression of these two GATA factors is also controlled –
possibly via the PIFs – by light, glucose, nitrogen, and cytokinin, it
may be argued that GNC and CGA1/GNL are central integrators
of growth controlling signals (Bi et al., 2005; Naito et al., 2007).

CROSS-TALK WITH ALCATRAZ (ALC)
The PIF-related bHLH protein ALCATRAZ (ALC) was initially
discovered based on its role in the formation of the separa-
tion layer of the valve margin in Arabidopsis siliques (Rajani and
Sundaresan, 2001). ALC contains a DELLA-binding domain but

FIGURE 2 | Different molecular modes of action of DELLA repressors.

(A) GID1 induces DELLA inactivation by promoting DELLA degradation in
response to hormone binding. DELLAs repress the DNA-binding activity of
PIFs, which are also negatively regulated by light. GNC and CGA1/GNL are
two important targets downstream from GA signaling, DELLAs, and PIFs.
GNC and CGA1/GNL repress major but not all aspects of GA signaling. (B)

DELLAs also repress the PIF-related protein ALC. Separation layer
formation is dependent on the relief of DELLA repression on ALC and this
is mediated by the induction of GA biosynthesis gene expression by the
ALC upstream regulator IND. (C) SPT is closely related to ALC and PIFs
but appears to be regulated by DELLAs in a differential manner from PIFs.
The current hypothesis predicts that SPT and DELLAs interact and

together repress cotyledon formation, thus SPT and DELLAs act in an
analogous manner. DELLAs may also negatively control SPT transcription
(transcriptional control, TC). (D) DELLAs also interact with the GRAS-family
protein SCL3. DELLAs and SCL3 regulate each other in an antagonistic
manner and have opposing effects on the biological processes that they
control. (E) JAZ proteins have emerged as central repressors of JA
signaling. Their activity is on the one side negatively controlled by DELLA
interaction and on the other side by jasmonates (JA). JAZ proteins are
repressors of MYC transcription factors. (F) DELLAs indirectly regulate the
abundance of PIN proteins and thereby influence auxin transport and auxin
transport-dependent development. Auxin (transport) positively feeds back
on GA biosynthesis.
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lacks the AP-binding site for phytochrome interaction (Leivar and
Quail, 2010). The transcription factor INDEHISCENCE (IND)
is an upstream regulator of ALC and it induces the expression
of a critical GA biosynthesis gene in the separation layer where
ALC functionality is essential (Arnaud et al., 2010). In analogy
to the interaction of DELLAs with PIF3 and PIF4, genetic, and
protein–protein interaction studies clearly suggest that DELLAs
also interact with ALC and that GA relieves the DELLA-imposed
repression on ALC by promoting DELLA proteolysis and thereby
allowing proper valve margin development (Figure 2B).

CROSS-TALK WITH SPATULA (SPT)
SPATULA (SPT) is the closest homolog of ALC in Arabidopsis
and, similarly to PIFs and ALC, SPT is able to bind the DELLAs
RGA and GAI (Gallego-Bartolome et al., 2010). SPT was identi-
fied based on its role in septum, style, and stigma development in
the flower (Alvarez and Smyth, 1999). SPT was subsequently also
shown to control germination in response to cold temperature
in Arabidopsis seeds and to repress cotyledon expansion (Penfield
et al., 2005; Josse et al., 2011). In the context of DELLA func-
tion and GA signaling, the role of SPT as a repressor of cotyledon
expansion is important (Josse et al., 2011). In contrast to the antag-
onistic DELLA–PIF and DELLA–ALC interactions, DELLAs and
SPT function in an analogous manner as repressors of cotyle-
don elongation (Figure 2C; Josse et al., 2011). Loss-of-function
mutants of SPT as well as of DELLAs have enlarged cotyledons
and this phenotype is enhanced in mutants lacking SPT as well as
DELLAs. Interestingly, DELLA abundance is negatively correlated
with SPT abundance, suggesting that a homeostasis mechanism is
in place that controls the overall abundance of the DELLA and SPT
repressors. Since GA treatment cause an increase in SPT transcript
abundance also when SPT gene expression is under control of an
overexpression promoter, it was postulated that an SPT transcript
stabilizing mechanism is responsible for the accumulation of SPT
in the presence of GA (Josse et al., 2011). At present, it remains to
be seen whether such a regulation requires the interaction between
DELLAs and SPT and which other molecular players contribute
to this interaction.

CROSS-TALK WITH SCARECROW-LIKE3 (SCL3)
The five Arabidopsis DELLA proteins belong to the superfamily of
GRAS (GAI, RGA, SCARECROW) transcription regulators that
in Arabidopsis additionally includes SCARECROW (SCR) and 27
SCARECROW-like (SCL) proteins (Pysh et al., 1999; Lee et al.,
2008). The DELLA domain and the adjacent VHYNP domain
allow to distinguish the DELLAs from the remaining SCR/SCL
proteins (Pysh et al., 1999; Willige et al., 2007). A number of studies
have tried to understand the evolutionary and functional relation-
ship between SCR/SCL proteins and DELLAs. SCL3 attracted the
attention of GA biologists because its transcription was repeat-
edly found to be strongly repressed by GA and to be induced
by DELLAs (Willige et al., 2007; Zentella et al., 2007). Genetic
analyses of SCL3-deficient mutants have allowed positioning SCL3
into the GA signaling pathway. SCL3 and DELLA (RGA) inter-
act and SCL3 positively regulates GA reponses (Heo et al., 2011;
Zhang et al., 2011). The primary effect of the interaction between
SCL3 and DELLA is antagonistic, however, this appears to be

more complicated because DELLA induces the transcription of its
SCL3 antagonist and, inversely, because SCL3 possibly stabilizes its
DELLA antagonist by modulating GA biosynthesis (Figure 2D).

CROSS-TALK WITH THE JASMONIC ACID (JA) PATHWAY
Gene expression studies and pathobiological assays had sug-
gested that GA controls JA-responsive gene expression (Cao et al.,
2006; Hou et al., 2008) and JA-mediated plant immune responses
(Navarro et al., 2008). In an analysis of the underlying molecular
causes it was found that GA attenuates the JA-induced expression
of a number of JA-responsive genes (Hou et al., 2010). The expres-
sion of these genes is dependent on the transcription activators
MYC2, MYC3, and MYC4 and their negative regulators, the dimer-
izing jasmonate ZIM domain proteins (JAZ; Chini et al., 2007;
Fernandez-Calvo et al., 2011). Via NINJA proteins, JAZ proteins
are linked to the TOPLESS(-RELATED) corepressors (Pauwels
et al., 2010) and the repressive activity of JAZs is relieved in the
presence of JA by their proteasomal degradation via the E3 lig-
ase SCFCOI1 (Thines et al., 2007). It was recently shown that the
DELLA proteins RGA, GAI, RGL1, and RGL2 directly bind to and
thereby inhibit the (representative) JAZ proteins JAZ1, JAZ3, and
JAZ9 (Hou et al., 2010). Hierarchically, JA-mediated JAZ degra-
dation has thus to be seen as the major control element of the
pathway, while DELLAs modulate JA responses by repressing JAZ
activity (Figure 2E).

CROSS-TALK WITH AUXIN TRANSPORT
Most of the DELLA-dependent regulatory events that have been
identified so far involve a cascade of – typically repression – events
that ultimately lead to gene expression changes that – some-
how – are responsible for GA-mediated growth control. Few of
these signaling events allow hypothesizing about how GA con-
trols growth at the cell biological level. At least two reports link
GA signaling to auxin transport and these findings help at least in
part to explain how the GA signal is influenced by or is influencing
transport of the plant hormone auxin and ultimately plant growth.
Auxin transport controls organ initiation and development as well
as tropic responses: auxin is synthesized in the shoot apex and
transported toward the root tip via the activity of PIN-FORMED
(PIN) auxin efflux carriers. When the shoot and consequently the
shoot-derived auxin source is removed, roots cease to grow and
fail to respond properly to GA. This reduced GA-responsiveness
can be suppressed when the auxin indole-3-acetic acid (IAA) is
applied to the site of shoot removal. Genetic and cell biologi-
cal analyses showed that the cessation of root growth correlates
with the accumulation of DELLAs (RGA) in the root and is sup-
pressed in DELLA gene loss-of-function mutants (Fu and Harberd,
2003). Thus, auxin and auxin transport may control DELLA abun-
dance and control (root) growth. At the same time it was recently
found that GA controls auxin transport and PIN protein abun-
dance (Willige et al., 2011). GA promotes the degradation of the
auxin efflux carriers PIN1 and PIN2, at least in root tips and inflo-
rescence stems, possibly by increased targeting of these transporter
proteins for degradation in the vacuole (Vieten et al., 2007; Willige
et al., 2011). At the physiological level, the downregulation of PIN
proteins as observed in GA and GA signaling-deficient mutants
correlates with a reduction in auxin transport in inflorescence
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stems, defective embryo development and reduced root gravit-
ropism. Since GA-dependent changes in PIN protein abundance
do not correlate with GA-dependent changes in PIN gene tran-
scription, and since PIN protein abundance at the same time is
increased when PIN protein degradation is blocked, it has to be
argued that GA controls PIN abundance at the post-translational
level (Figure 2F; Willige et al., 2011).

OPEN QUESTIONS
This review provides an overview of the current knowledge on
the mechanisms governing GA signaling. Certainly, it has become
clear that especially in recent years major advances have been made
in understanding the molecular mode of action of the DELLA
proteins as key repressors of the pathway. A number of obvious
questions remain to be answered, some of which have already
been phrased in the above paragraphs. At least two additional
major issues that have puzzled the GA signaling field for some
time will require clarification in the near future: the O-Linked N -
acetylglucosaminyltransferase (OGT) SPINDLY (SPY) was iden-
tified repeatedly as a major repressor of GA signaling (Jacobsen
and Olszewski, 1993; Wilson and Somerville, 1995; Jacobsen et al.,
1996; Shimada et al., 2006). SPYs repression function in Arabidop-
sis GA signaling was recapitulated in other plant species including
tomato and rice (Greb et al., 2002; Shimada et al., 2006). Most
importantly, spy mutant alleles fully suppress GA-deficiency as
well as defects in GA signaling and this phenotype can best be

explained by a direct control of DELLA reperessor activity by SPY-
mediated O-Linked N -acetylglucosamine-modification. A proof
for this or an alternative mode of action urgently needs to be
brought about.

Several reports have identified DELLA proteins as phosphopro-
teins. Although it had initially been claimed that this modification
is essential for the proteasomal degradation of DELLAs (Sasaki
et al., 2003; Gomi et al., 2004), this view was subsequently corrected
(Itoh et al., 2005). On the other side, in vitro data using pharmaco-
logical inhibitors suggest that phosphoregulation may be involved
in DELLA protein turnover (Wang et al., 2009). Thus, it remains
to be seen whether and how DELLA phosphorylation regulates
DELLA activity. The mutation of predicted phosphorylation sites
in Arabidopsis RGL2 impairs GA-induced protein degradation but
whether or not this effect is ultimately due to changes in RGL2
phosphorylation rather than RGL2 functionality could not be fully
clarified (Hussain et al., 2005, 2007). The recently identified casein
kinase, CKI, is a candidate kinase that may phosphorylate DEL-
LAs and regulate their activity in vivo to control flowering time in
rice (Dai and Xue, 2011). Further experiments will bring light into
the identity of the in vivo targets of this kinase and may identify
further kinases that interfere with DELLA activity.
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Correct interpretation of the coding capacity of RNA polymerase II transcribed eukaryotic
genes is determined by the recognition and removal of intronic sequences of pre-mRNAs by
the spliceosome. Our current knowledge on dynamic assembly and subunit interactions of
the spliceosome mostly derived from the characterization of yeast, Drosophila, and human
spliceosomal complexes formed on model pre-mRNA templates in cell extracts. In addi-
tion to sequential structural rearrangements catalyzed by ATP-dependent DExH/D-box RNA
helicases, catalytic activation of the spliceosome is critically dependent on its association
with the NineTeen Complex (NTC) named after its core E3 ubiquitin ligase subunit PRP19.
NTC, isolated recently from Arabidopsis, occurs in a complex with the essential RNA heli-
case and GTPase subunits of the U5 small nuclear RNA particle that are required for both
transesterification reactions of splicing. A compilation of mass spectrometry data available
on the composition of NTC and spliceosome complexes purified from different organisms
indicates that about half of their conserved homologs are encoded by duplicated genes in
Arabidopsis. Thus, while mutations of single genes encoding essential spliceosome and
NTC components lead to cell death in other organisms, differential regulation of some
of their functionally redundant Arabidopsis homologs permits the isolation of partial loss
of function mutations. Non-lethal pleiotropic defects of these mutations provide a unique
means for studying the roles of NTC in co-transcriptional assembly of the spliceosome and
its crosstalk with DNA repair and cell death signaling pathways.

Keywords: spliceosome, NineTeen complex, co-transcriptional splicing, DNA repair, cell death signaling,

Arabidopsis

INTRODUCTION
Intron sequences of RNA polymerase II (RNAPII) transcribed
nuclear pre-mRNAs in eukaryotes are removed by the spliceo-
some to produce mature mRNAs. The spliceosome is composed
of U-rich U1, U2, U4, U5, and U6 small nuclear snRNAs, which
form snRNP particles with specific sets of proteins. Spliceoso-
mal snRNPs undergo in cell extracts timely ordered assembly on
model pre-mRNA templates and recruit numerous stage specific
auxiliary regulatory factors, the complexity of which increases in
metazoan’s evolution (Wahl et al., 2009). Except for plants, where
thus far no suitable in vitro splicing assay is available, past stud-
ies of in vitro spliceosome assembly have generated a wealth of
mass spectrometry, RNA cross-linking, and crystallographic data
on basic functions, binding specificities, and interactions of core
spliceosomal proteins. Other studies have independently identified
the functions of numerous auxiliary factors that co-purify with
different snRNPs. The emerging regulatory interactions reveal
a huge complexity and gene/intron specific variation of in vivo
spliceosome interactions with the RNAPII transcription initi-
ation, capping, elongation, and polyadenylation/cleavage com-
plexes, as well as subunits of the exon junction, pre-mRNA splic-
ing and retention (RES), mRNA export (THO/TREX), exosome,

microRNA processing, nuclear pore, nonsense-mediated decay
(NMD), and chromatin remodeling/modifying complexes. In fact,
accumulating data on transcript specific splicing kinetics and
alternative splicing demonstrate that these interactions govern
co-transcriptional assembly, selectivity, and progressivity of the
spliceosome, which are also remarkably dependent on changes
in epigenetic modifications of histones during different phases
of transcription (Oesterreich et al., 2011). Co-transcriptional
coupling and regulation of the spliceosome activity is further
indicated by the fact that introns are removed from the major-
ity of pre-mRNAs before completion of transcription in yeast
and mammalian cells. In general, splicing of introns close to
the 5′-ends of transcripts is completed earlier compared to the
removal of 3′ introns. Due to different sequence features of
introns, their splicing does not however follow always the order of
their transcription. Some “difficult” introns might remain com-
pletely or partially unspliced upon transcription termination.
Partially spliced pre-mRNAs accumulate together with hyper-
phosphorylated RNAPII, spliceosome components, and auxiliary
factors in nuclear speckles, especially in differentiated cells types,
where their processing occurs post-transcriptionally (Han et al.,
2011). Thus, while spliceosome assembly appears to be regulated
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co-transcriptionally, splicing per se does not necessarily depend on
active transcription.

SPLICEOSOMAL snRNPs
As in other metazoans, the majority of introns are recognized by
the U2-type spliceosome in Arabidopsis. Regulatory features and
targets of Arabidopsis U12-specific minor spliceosome have been
reviewed recently (Simpson and Brown, 2008). Here we provide
a compilation of proteins identified by mass spectrometry in 27
purified yeast, Drosophila, and human U2-type spliceosome com-
plexes and annotation of corresponding Arabidopsis homologs
(Table S1 in Supplementary Material). Yeast spliceosome com-
plexes are composed of 50–60 core snRNP subunits and about
hundred additional splicing-related factors, most of which are
conserved in metazoans (Fabrizio et al., 2009). In comparison,
the total number of proteins identified in purified Drosophila and
human spliceosomal complexes is about 260 and 400, respectively
(Rappsilber et al., 2002; Herold et al., 2009; Will and Lührmann,
2011). Based on comparative sequence analysis, Wang and Brendel
(2004) predicted 395 genes encoding splicing-related proteins in
Arabidopsis, including all putative RNA-binding factors identified
earlier by Lorkovic and Barta (2002). Our compilation, based on
comparative analysis of mass spectrometry data using the TAIR10
version of reannotated genome sequence, indicates a conservation
of about 430 spliceosomal factors in Arabidopsis (Table S1 in Sup-
plementary Material). However, in some cases the relationships
between yeast, Arabidopsis, and other metazoan homologs are
suggested only by conservation of certain functionally important
domains. Thus, verification of composition of Arabidopsis core
snRNPs and auxiliary factors of various spliceosomal complexes
awaits further analysis of their subunits by mass spectrometry.

In yeast and metazoans, the U1, 2, 4, and 5 snRNAs associate
through their U-rich PuAU4–6GPu motives to a heptamer of Sm
proteins, while U6 is bound to a similar Sm-like LSm complex
(Tharun, 2009; Weber et al., 2010). In Arabidopsis all seven Sm
proteins and LSm1, 3, and 6 are encoded by duplicated genes
(Figure 1). In addition to their U6 snRNP-specific roles, the LSm
proteins target aberrant transcripts for decapping and 5′ to 3′
decay. Mutation of Arabidopsis LSm4 (emb1644) causes embryonic
lethality, while the lsm5/sad1 point mutation results in a partial loss
of function conferring supersensitivity to abscisic acid (ABA) and
drought (Xiong et al., 2001).

Subunits of snRNPs show weaker sequence conservation but
similar redundancy in Arabidopsis. From the U1 snRNP-associated
proteins, several are encoded by at least two genes, while Ara-
bidopsis lacks Prp42 and Snu56 homologs (Figure 1). Similarly,
the U2AF35, U2AF65, and polypyrimidin tract-binding (PTB)
proteins from the splice-site selecting U2 components, as well as
numerous U2 snRNP subunits and U2-related factors are encoded
by duplicated genes in Arabidopsis. Spliceosome association of
other factors that share only domain homology with the U2
snRNP components is nonetheless uncertain and should be con-
firmed by further proteomics analyses. Genetic studies indicate
that inactivation of PRP39a component of U1 snRNP confers late
flowering by upregulating the transcription of FLC flowering time
repressor (Wang et al., 2007). In contrast, the elf9 mutation of
Arabidopsis ortholog of tat-SF1 U2 snRNP component upregulates

FIGURE 1 | Spliceosomal U snRNP components conserved in

Arabidopsis. Subunits encoded by two or more genes are highlighted in
bold and characterized gene mutations are indicated in red.

transcription of a defective splice-isoform of suppressor of overex-
pression of CO1 (SOC1) causing early flowering (Song et al., 2009).
On the other hand, the U2 SPF45 subunit is implicated in DNA
recombination and repair both in Arabidopsis and Drosophila,
where it is an interacting partner of RAD201, a member of the
RecA/Rad51 family (Chaouki and Salz, 2006).

In the case of U5 snRNP, there are multiple Arabidopsis
homologs of Prp8 and Brr2 RNA helicases and Snu114 GTPase
that play important roles in both activation and dissociation of
the spliceosome (Wahl et al., 2009). Nonetheless, analysis of the
Arabidopsis NineTeen Complex (NTC) complex (Monaghan et al.,
2009) and genetic data suggest that BRR2 is represented proba-
bly by only a single locus, while PRP8 and SNU114 are encoded
by two differentially regulated genes. The prp8a/sus2 mutation
results in a cell division defect of embryonic suspensor, while the
emb1507 embryo lethal mutation is located in the BRR2 gene.
Different genetic screens led to the identification of maternal effect
of embryo arrest 5 (mee5), clotho (clo1), and gametophytic factor 1
(gfa1) mutations of SNU114, which is required for specification
of egg cell fate and floral organ number and identity (Liu et al.,
2009; Yagi et al., 2009). Similarly, the atropos (ato) mutation of U2
snRNP SF3a60/PRP9 gene compromises egg and central cell fate,
and SNU114 is necessary for tissue specific expression of Lachesis
(LIS) that encodes the U4/U6 snRNP subunit PRP4 (Moll et al.,
2008). A common consequence of all these mutations is the abor-
tion of gametophyte. A potential link to cell death regulation is
suggested by high level induction of Yellow-Leaf-Specific Gene 8
(U5-15/YLS8) during late leaf senescence (Yoshida et al., 2001).
Expression of the U5 snRNA subunit gene U5-102/PRP6 is cold
stimulated and its stabilized 1 (sta1)/emb2770 mutation results in
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defective splicing and stabilization of the cold-induced COR15A
and other unstable transcripts leading to a range of pleiotropic
developmental and stress response defects (Lee et al., 2006). Like
the ELF9/tat-SF1 subunit of U2 snRNP, PRP6 might function in
interaction with the exosome and exon junction complex (EJC)
implicated in the recruitment of NMD regulators (Gehring et al.,
2005).

The U4/U6 subunits PRP3 and Tri-20 are represented by two
Arabidopsis homologs, while U4/U6-15.5/SNU13 is likely encoded
by three genes as the Tri65 subunit of U4/U6.U5 tri-snRNP. Muta-
tion of U4/U6 subunits Prp24 and Prp31 lead to embryo lethality
(emb140 and emb1220), while inactivation of the RS-domain of
Tri120/SNU66 by the meristem defective (mdf) mutation stimu-
lates ectopic meristem formation in vegetative tissues but inhibits
root and shoot meristem activities. The mdf mutation reduces the
transcript levels of PIN2 and PIN4 auxin influx carriers, as well
as those of Plethora, Scarecrow, and Shortroot in the root and
Wuschel (WUS) in the shoot meristem (Casson et al., 2009), likely
due to splicing defects and destabilization of these transcripts.
The mdf mutation is allelic with defectively organized tributaries 2
(dot2) that causes altered vein differentiation pattern in juvenile
leaves consistently with defects of auxin transport (Petricka et al.,
2008).

SPLICEOSOME CATALYTIC CYCLE
The U1 and U2 snRNPs recognize the 5′and 3′ splice-sites (5′SS
and 3′SS) and conserved branch sites (BS: AG) of introns. BS is
followed by a polypyrimidine tract (PPT) upstream of the 3′SS in
metazoans. BS and PPT are poorly conserved in plants (Brown
and Simpson, 1998; Simpson et al., 2002), although orthologs
of BS-interacting U2AF and PTB proteins are present in Ara-
bidopsis. In vitro assembly studies indicate that the U1 snRNP
binds first through U1-C and U1-70K to the 5′SS. Subsequently,
PPT and 3′SS are bound respectively by the U2 auxiliary factors
U2AF65 and U2AF35 that interact with SF1 at the BP, as well
as with a range of SR, hnRNP, Transformer (Tra), and EJC pro-
teins that recognize exonic and intronic splicing enhancer and
silencer sequences, contributing to the definition of exons’ posi-
tions (for review see Will and Lührmann, 2011). The SR-related
Arabidopsis SR45a/Tra-2b factor interacts, for example, with U1-
70K and U2F35a to assist splice-site selection, as well as with
PRP38 during spliceosome activation (Tanabe et al., 2009). From
the 19 Arabidopsis SR-proteins classified into seven subfamilies
(Barta et al., 2010), yeast and human orthologs of SR1, SC35,
RS33, and RSZ33, as well as the SR-related proteins Tra-1A, B1/2,
and SRm160 were identified in purified spliceosomal complexes
(Table S1 in Supplementary Material). Transcription and alterna-
tive splicing of SR-protein genes is regulated by a multitude of
stress and hormonal stimuli, and their known mutations result
in pleiotropic regulatory defects (Reddy, 2007). The activity and
stability of SR-proteins is regulated by phosphorylation includ-
ing the Lammer/CLK, SRPK1, and SRPK2 kinases families, as
well as by several PRMT arginine methylases that also recog-
nize other classes (e.g., Sm, Lsm, hnRNP, etc.) of spliceosomal
proteins (Fluhr, 2008). Arabidopsis PRMT5 was recently demon-
strated to methylate several Sm and LSm factors (Deng et al., 2010).
The prmt5 mutation results in defective splicing of FLK/hnRNP-E

pre-mRNA and late flowering by increasing the FLC transcript
level, as well as alters 5′SS recognition leading to aberrant process-
ing of pre-mRNAs encoding components of the circadian clock
(Sanchez et al., 2010).

Interaction of U1 with the U2AF-recruited U2 snRNP is sta-
bilized by the ATP-dependent DExH/D-box RNA helicase Prp5.
Displacement of SF1 by the SF3b14a subunit of PPT-binding U2-
SF3a/b complex is stimulated by Prp5 leading to the formation of
prespliceosome complex A (Behzadnia et al., 2007; Figure 2). Prp5
also facilitates annealing the U2 snRNA with BS, which bulges out
an A residue of the intron for the first transesterification reaction.
Subsequent recruitment of the U4/U6.U5 tri-snRNP results in the
assembly of U1/2/4/5/6 penta-snRNP in the precatalytic complex
B (Deckert et al., 2006). Penta-snRNP can be purified from yeast
but it is inactive and requires additional factors, in particular the
NTC, to form an activated BACT complex (Stevens et al., 2002).

During complex B to BACT transition, interaction of U1 and
U1-C with the 5′SS is interrupted by the Prp28/U5-100 helicase,
which is activated by the U4/U6.U5 tri-snRNP-associated kinase
SRPK2. Subsequently, unwinding the based-paired U4/U6 snR-
NAs by the Brr2/U5-200 helicase facilitates U6 snRNA interactions
with the 5′SS and U2 snRNA. This stimulates the release of U1
and U4 snRNPs, U6 specific Lsm, and Prp24 proteins, as well as
the formation of an intramolecular stem-loop (ISL) in U6, which
represents the metal-binding catalytic center of the spliceosome.
Brr2 is controlled by the interacting Snu114 GTPase and Prp8 U5
subunit. Removal of U2-associated SF3a/b proteins by the Prp2
helicase exposes BS in the remodeled catalytically active complex
B∗. During step I of splicing, the 2′-OH of BS adenosine residue

FIGURE 2 | Schematic presentation of spliceosomal assembly and

catalytic cycle. The scheme is drawn according to Wahl et al. (2009)
indicating the assembly phase specific regulatory roles of key
ATP-dependent DExH/D-box RNA helicases (in red) and the
spliceosome-activating NTC complex. 5′ and 3′ splice site (5′SS and 3′SS),
branch point (BP), and polypyrimidine tract (PPT). Exons are indicated by
gray boxes, while thin black lines show intron and intron lariat.
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attacks and forms a covalent bond with the U6 ISL-cleaved 5′SS
yielding the 5′-exon and lariat intron-3′exon intermediates.

Catalytic activation of the spliceosome critically depends on its
association with the NTC before or during unwinding of the U4
and U6 snRNAs. The NTC regulates the interactions of U5 and U6
with the pre-mRNA before and after step I, as well as formation
of the spliceosome’s catalytic center (Chan et al., 2003; Chan and
Cheng, 2005). Nucleophilic attack of 3′-OH of 5′ exon at the 3′SS
in step II requires further structural rearrangements by multiple
factors leading to the formation of complex C. Prp8, anchoring
the 5′exon and lariat intron-3′ exon intermediates (Grainger and
Beggs, 2005), the Prp16 ATPase, and the NTC subunit Isy1 are
involved in monitoring completion of step I and displacing U6
from the 5′SS to liberate it for the catalytic step II. The Prp18 heli-
case and loop 1 of U5 snRNA juxtapose for ligation of the 5′ exon
and 3′SS bound by the interacting NTC subunits Slu7 and Prp22
helicase (Smith et al., 2008). Next, Prp22 deposited downstream
of the exon–exon junction disrupts the interaction of Prp8 and U5
with exon sequences, releasing the spliced mRNA from complex
C. Dissociation of U2, U5, and U6 is catalyzed by the Prp43 heli-
case, which is encoded by three candidates genes in Arabidopsis,
while Brr2 and Snu114 are thought to unwind and separate the
U2 and U6 components of the post-splicing complex (Valadkhan
and Jaladat, 2010).

NTC SUBUNIT COMPOSITION
NTC is a regulatory non-snRNP complex that is essential for cat-
alytic activation of the spliceosome (Hogg et al., 2010). When
isolated under stringent conditions from in vitro assembly reac-
tions, yeast NTC contains eight core subunits (Prp19, Cef1/Ccd5,
Snt309/Spf27, Syf1, Syf2, Syf3/Clf1, Isy1, and Ntc20 listed in
Figure 3; Fabrizio et al., 2009). In contrast, tandem affinity purifi-
cation of NTC by its tagged Cef1/Cdc5 subunit from budding
and fission yeast cell extracts indicates a conservation of at least 26
NTC-associated proteins (Ohi et al., 2002). Recent mass spectrom-
etry analysis of NTC complexes purified by the help of TAP-tagged
Prp19, Prp17, and Cwc2 subunits also shows that the eight core
subunits are associated in vivo with several Sm proteins, com-
ponents of the U2 and U5 snRNPs, and at least 30 non-snRNP
proteins (Ren et al., 2011). Many of the latter NTC-associated
factors were previously found to co-purify with spliceosome A,
B, B∗, or C, as well as with the RES and THO/TREX complexes.
The human core NTC assembled on RNA templates in vitro and
purified at high stringency shares only PRP19, CDC5L, and SPF27
with the yeast NTC. The human NTC core carries PRL1/PRLG1
and AD002/HSPC148 orthologs of NTC-associated yeast proteins
Prp46 and Cwc15, respectively, and two human specific subunits
CTNNBL1/NAP and HSP73 (Grote et al., 2010; Figure 3).

Detailed interaction studies between the NTC subunits demon-
strate that the PRP19 WD-40-protein forms a homotetrameric
platform, in which its U-box domain interacts with SPF27 and
the C-terminus of CDC5. Due to heterogeneity of N-terminal
sequences of Prp46/PRL1 orthologs, the N-terminus of yeast
Prp46 interacts only with Cef1/Cdc5, while N-terminus of human
PRL1 binds to PRP19, which might explain why yeast Prp46/PRL1
dissociates from the NTC core under stringent conditions (Ohi
and Gould, 2002; Grote et al., 2010). Arabidopsis PRP19, CDC5,

FIGURE 3 | Conserved components of NTC core and associated

subunits detected in purified yeast, human, and Arabidopsis
complexes. Proposed NTC core subunits are highlighted in bold, brackets
indicate factors that are not present in purified NTC complexes but encoded
by corresponding homologous genes in the yeast, human, and Arabidopsis
genomes.

and PRL1 show analogous interactions as their human orthologs
(Palma et al., 2007). Comparison of mass spectrometry data
(Table S1 in Supplementary Material) indicates that nearly all
components of larger NTC complexes purified by TAP-tagging
from yeast are present in different yeast, Drosophila, and human
spliceosome complexes isolated either by immunoprecipitation
or in vitro assembly on model pre-mRNA templates (Ajuh et al.,
2000; Makarov et al., 2002; Stevens et al., 2002; Zhou et al., 2002;
Makarova et al., 2004; Deckert et al., 2006; Behzadnia et al., 2007;
Bessonov et al., 2008, 2010; Fabrizio et al., 2009; Grillari et al.,
2009; Herold et al., 2009). Remarkably, several components of
the NTC core and some associated factors were also detected in
the human prespliceosome complex A (Behzadnia et al., 2007).
Nonetheless, semi-quantitative mass spectrometry and western
blotting studies indicate that the representation of NTC compo-
nents increases from complex A/B to C dramatically (Makarova
et al., 2004; Agafonov et al., 2011).

Arabidopsis NTC purified recently by its tagged SPF27/MOS4
subunit (Monaghan et al., 2009) contains six subunit orthologs of
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the yeast NTC core [CDC5/Cef1 (MAC1), Prp19a/b (MAC3A/B),
SPF27 (MOS4), SYF1 (MAC9), SYF3/CRN1c (MAC10), and ISY1
(MAC8) listed in Figure 3]. In addition, PRL1 (MAC2) is present
in the Arabidopsis complex as in the human NTC core. Intriguingly,
Arabidopsis NTC carries two PRL19 paralogs encoded by simi-
larly regulated duplicated genes in Arabidopsis. This suggests that
they might form a heterotetramer in analogy to yeast and human
NTCs. Compared to yeast, the Arabidopsis complex lacks Syf2,
although it has a plant homolog, and also Ntc20, which is a unique
component of yeast NTC. Although encoded in the Arabidopsis
genome, homologs of human AD002/HSPC148, CTNNBL1/NAP,
and HSP73 NTC subunits are also missing from the complex.
By contrast, several proteins found in association with the NTC
core in yeast and humans, including PRP45/SKIP (MAC6), ECM2-
1a/b (MAC5A/B), and PRP17/CDC40 (MAC12), and the com-
plex BACT and C specific factors PRP2a (MAC15), and Aquarius
(AQR/MAC7) are parts of the Arabidopsis NTC. More remarkably,
U5-220/PRP8a (MAC16), U5-200-2a/BRR2 (MAC14), U5-116-
1a/SNU114 (MAC11), and the PRP8-binding WD-40 factor U5-40
(MAC17), which are essential for spliceosome activation, co-purify
with NTC from Arabidopsis. Composition of Arabidopsis NTC thus
resembles to that of the human 35S U5 snRNA complex charac-
terized earlier by Makarov et al. (2002). While the human 35S U5
snRNP and affinity purified yeast NTCs contain a full set of Sm
proteins and other NTC-associated factors that are likely part of
functional NTC in vivo, their corresponding homologs are absent
from the Arabidopsis NTC.

NTC SUBUNIT FUNCTIONS
Precursor RNA processing 19 (Prp19) was first identified in yeast
and found in stable association with the spliceosome after disso-
ciation of U1 and U4 snRNPs. The yeast prp19 mutation blocks
step I of splicing and results in a temperature-dependent growth
defect, likely due to defective splicing of α-tubulin and Bub1
pre-mRNAs (Tarn et al., 1993; Song et al., 2011). Inactivation of
mice Prp19/SNEV leads to early embryonic lethality in the blas-
tocyst stage (Fortschegger et al., 2007). Recently, a prp19a prp19b
(mac3a mac4b, modifier of SNC1) double T-DNA insertion muta-
tion was reported to suppress innate immunity conferred by a
dominant mutation of suppressor of NPR1-1 constitutive 1 (SNC1)
without affecting normal plant development (Monaghan et al.,
2009). However, other combinations of prp19a and prp19b muta-
tions cannot be isolated in homozygous form, which suggests that
PRP19 is also an essential gene in Arabidopsis.

Prp19 carries an N-terminal U-box/RING-finger domain,
which confers E3 ubiquitin ligase activity and mediates the for-
mation of ubiquitin K63 chain on the U4 snRNP subunit Ppr3
by enhancing its interaction with Prp8 in the U4/U6.U5 tri-
snRNP. Ubiquitinated Prp3 is recognized by the U4/U6 snRNP
subunit Prp24/SART3 and deubiquitinated by Usp4 facilitating
Brr2/Snu114-mediated dissociation of U4 components before
spliceosome activation (Song et al., 2011). While K63 ubiquitin
chain formation does not target proteins for proteasomal degra-
dation, intriguingly both yeast and human Prp19 interact in vivo
with the β7 catalytic subunit of 20S proteasome suggesting that
PRP19 could mediate degradation of some NTC-associated factors
(Löscher et al., 2005; Sihn et al., 2007). The central coiled-coil

domain of Prp19 is required for its tetramerization, which is essen-
tial for NTC and spliceosome assembly (Ohi et al., 2005; Grote
et al., 2010). Prp19 tetramerization creates a central stalk of U-
boxes and exposes the periferial WD-40 domains for interaction
with yeast Cwc2 (i.e., a binding partner of ubiquitin conjugase
Ubc3) and Prp17 (Ren et al., 2011). Mapping of NTC subunit
interactions shows that the central U-box domain is required for
binding Snt309/SPF27, as well as the C-terminus of Cef1/CDC5
and N-terminus of human PRL1 (Chen et al., 2002; Ohi and
Gould, 2002; Grote et al., 2010). The presence of PRP19, CDC5,
PRL1, and SPF27 in the Arabidopsis NTC suggests that these mol-
ecular interactions are likely conserved. Yeast prp19 and snt309
mutants accumulate free U4 snRNA, while U6 snRNA is depleted
in the snt309 background. Suppression of growth defect of snt309
mutant by overexpression of U6 snRNA indicates that NTC also
controls recycling of spliceosomal snRNPs (Chen et al., 2006).

Human Snt309 is named Breast Cancer Amplified Sequence
2 (BCAS2) and involved as transcriptional co-activator of the
estrogen receptor in the regulation of p53-dependent induc-
tion of apoptosis (Kuo et al., 2009). Mutation of Arabidopsis
Snt309/BCAS2 homolog MOS4 suppresses constitutive activa-
tion of innate immunity pathway in the snc1 mutant similarly
to mutations of other plant NTC subunits (Palma et al., 2007).

Snt309/BCAS2 is required for stable interaction of Prp19 with
CDC5, a member of the Myb transcription factor family. CDC5
shows specific DNA-binding in Arabidopsis, while its mutations
leads to accumulation of retained introns in partially spliced pre-
mRNAs and G2 cell cycle arrest in yeast (Hirayama and Shinozaki,
1996; Burns et al., 1999). Cell cycle arrest of the yeast cdc5 mutant
is suppressed by removal of the intron from the α-tubulin (Tub1)
gene (Burns et al., 2002). Cell cycle dependent phosphorylation of
CDC5 appears to be an important modulator of NTC-mediated
activation of the spliceosome (Gräub et al., 2008). Human CDC5
interacts with NIPP1 (nuclear inhibitor of protein phosphatase 1
absent from Arabidopsis), which recognizes the SF3b155 subunit
of U2-SF3a/b complex that becomes hyperphosphorylated dur-
ing the first splicing reaction. Interaction of CDC5 with NIPP1
probably targets a PP1 phosphatase to the SF1a/b complex lead-
ing to its destabilization, which is required for the second step
of splicing (Tanuma et al., 2008). Furthermore, human CDC5
directly interacts with hLodestar/HuF2, which is an SF2-like ATP-
dependent helicase subunit of SWI/SNF chromatin remodeling
complex implicated in transcription termination (Leonard et al.,
2003).

C-terminus of CDC5 binds the C-terminal WD-40 domain of
Prp46/PRL1 in yeast and human NTCs (Ajuh et al., 2001; Ohi
and Gould, 2002). PRL1 encoded by the Pleiotropic Regulatory
Locus 1 was first identified in Arabidopsis by a T-DNA inser-
tion mutation causing highly pleiotropic defects characterized by
altered regulation of root and leaf development, flowering time,
sugar, cold, ethylene, cytokinin, and auxin responses (Németh
et al., 1998). Arabidopsis has a PRL1 paralog, PRL2, which is
transcribed at low levels in vegetative tissues but shows much
higher expression compared to PRL1 during embryogenesis and
seed development. Low PRL2 expression in the prl1 mutant thus
appears to be sufficient for maintaining plant viability but leads
to highly pleiotropic defects. Nuclear import of PRL1 is aided by
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its interaction with a specific member of the α-importin family,
ATHKAP2/IMPA-3 (Németh et al., 1998). Inactivation of IMPA-3
in the Arabidopsis mos6 mutant suppresses constitutive activation
of innate immunity by the snc1 mutation similarly to the mos4
(snt309), cdc5 (mac1), and prl1 (mac2) mutations (Palma et al.,
2005, 2007). In comparison, human CDC5 is imported into the
nucleus by the CTNNBL1 (catenin-β-like 1) armadillo repeat pro-
tein, which remains in CDC5L-bound form in the human core
NTC and mediates interaction with the PRP31 subunit of U4/U6
snRNP (Grote et al., 2010). Temperature sensitive mutations of
fission yeast Cwf1/CDC5 and Prp5/PRL1 show strong negative
genetic interactions (i.e., synthetic lethality at permissive temper-
ature) suggesting overlapping functions (McDonald et al., 1999).
Removal of the C-terminus of CDC5 results in dissociation of
PRL1 from the yeast NTC (Ohi and Gould, 2002) but it is yet
unclear whether this leads to overall destabilization of the complex.
Virus-induced gene silencing of Arabidopsis CDC5 is reported to
activate early senescence causing accelerated cell death indepen-
dently of salicylic acid (SA) signaling (Lin et al., 2007a). According
to Palma et al. (2007), however, the cdc5, prl1, and mos4 mutations
stimulate SA production but show npr1-independent activation
of the PR genes. RNAi-silencing of CDC5 was also suggested to
result in a G2/M cell cycle defect by affecting Shoot Meristemless
(STM) and WUS transcription and meristem development. Fur-
thermore, the GABI_278B09 cdc5 T-DNA insertion mutation was
found to cause embryo lethality by Lin et al. (2007b). The latter
phenotypic trait is however probably caused by an unrelated muta-
tion, since Palma et al. (2007) found that removal of C-terminal
PRL1-binding domain from the CDC5 coding sequence by the
same T-DNA insertion mutation results in viable plants showing
a partial loss of function phenotype similar to that of the prl1
mutant.

Arabidopsis PRL1 interacts with and inhibits in vitro the activ-
ity of Snf1-related protein kinase AKIN10 (Bhalerao et al., 1999),
a functional homolog of yeast Snf1 that represents a regula-
tory partner of GCN5 histone acetylase in the yeast RNAPII
SAGA co-activator complex (Lo et al., 2001; Liu et al., 2010).
Whereas association of SnRK1 with SAGA in plants awaits fur-
ther confirmation, SnRK1 AKIN10 was found to interact in vivo
with the common SKP1 subunits of SCF (Skp1–cullin1–F-box)
E3 ubiquitin ligases by targeting them to the α4/PAD1 sub-
unit of 20S proteasome catalytic cylinder (Farrás et al., 2001).
Arabidopsis α4/PAD1 is an ortholog of human proteasome sub-
unit α7, which is the closest neighbor of β7 subunit targeted
by Prp19 (Löscher et al., 2005). Recently, PRL1 was found to
function as substrate receptor subunit of a Cul4–DDB1 ubiq-
uitin ligase, and the prl1 mutation was reported to stabilize
SnRK1 AKIN10. It is remarkable that in addition to PRL1, WD-40
repeats of spliceosome-associated THOC6 and FY subunits of the
THO/TREX mRNA export, and polyadenylation/cleavage com-
plexes also contain DDB1-binding DWD motives are detected in
association with Cul4 and DDB1 in Arabidopsis (Lee et al., 2008).
Knockout of mouse PRLG1/PRL1 results in early embryonic lethal-
ity as inactivation of mouse PRP19/Pso4 (Löscher et al., 2005;
Kleinridders et al., 2009), whereas no homozygous prl1, prl2 and
cdc5 null mutants can be obtained in Arabidopsis. These results are
consistent with the observations of Ohi et al. (2002) indicating

that Cef1/Cdc5, Prp46/PRL1, and Prp19 are essential genes in
yeast. In contrast, the yeast snt309 and Arabidopsis mos4 muta-
tions do no cause lethality (Palma et al., 2007). Ecm2/Slt11 is
also not essential in yeast but its mutation causes cold sensitivity
(i.e., as the prl1 mutation in Arabidopsis; Németh et al., 1998) and
impaired splicing (Xu and Friesen, 2001). However, a combina-
tion of mutations of corresponding Arabidopsis homologs ECM2A
and B (MAC5A/B) is lethal (Monaghan et al., 2010). Ecm2, as the
homologous human RBM22 zinc-finger RNA-binding protein is
controlled by sumoylation and involved in U2/U6 helix II forma-
tion required for spliceosome activation. Ecm2/RBM22 interacts
with the step II splicing factors Slu7, Prp16, and Prp17 and its inac-
tivation in zebrafish leads to early embryo lethality as in Arabidopsis
(He et al., 2009).

From the remaining conserved NTC components, Syf1/Ntc90/
XAB2/MAC9 is essential in yeast and interacts with most NTC sub-
units, except Prp19, and SPF27/Ntc25. Syf1 is required for recruit-
ment of the coiled-coil factor Yju2/Cwc16/CCDC130, which is
transiently associated with NTC before step I of splicing together
with Cwc22, and facilitates the first catalytic reaction after Prp2-
mediated remodeling of the spliceosome (Chang et al., 2009).
Cwc22 is essential for Prp2-mediated release of U2-SF3a/b com-
plex before step I of splicing (Yeh et al., 2011). Prp45/SKIP/MAC6
is essential in budding and fission yeast, shows genetic interac-
tions with step II splicing factors and is required for recruitment of
Prp22 helicase mediating spliceosome dissociation (Gahura et al.,
2009). In addition, Prp45 interacts in fission yeast with the splice-
site selecting U2AF35 factor suggesting an early role in spliceosome
assembly (Ambrozková et al., 2001). Transcription of Arabidopsis
SKIP/Prp45 is stimulated by ABA, salt, and osmotic stress and its
overexpression confers salt and osmotic stress tolerance (Lim et al.,
2010).

The Syf3/CRN1/MAC10 tetratricopeptide repeat (TRP) pro-
tein is one of the earliest acting NTC proteins, which is essential
for loading the U4/U6.U5 tri-snRNP during complex A to B
transition. In Drosophila, mutation of CRN1/Syf3 (crooked neck)
causes early embryonic lethality (Chung et al., 2002). Isy1/MAC8
interacts with the Prp16 ATPase required for proper recognition
of 3′SS and implicated in remodeling of U6. Isy1 also inter-
acts with Cwc21/SRm300, as well a with the trimethylguanosine
synthase capping enzyme during early stage of spliceosome assem-
bly (Villa and Guthrie, 2005; Hausmann et al., 2008; Khanna
et al., 2009). The PRL1-binding non-essential second step fac-
tor Prp17/CDC40/MAC17 is a WD-40-protein, which functions
together with Prp16, Prp8, and the SR protein kinase Sky1 in
the recognition of 3′SS. Prp17 is essential for splicing of introns
longer than 200 nucleotides and shows co-immunoprecipitation
with lariat intron–exon intermediates (Dagher and Fu, 2001; Sapra
et al., 2008). Finally, from the conserved NTC-associated proteins
Aquarius/AQR/MAC7 is found to bind intron sequences in the
vicinity of BP and it is identified by the Arabidopsis by the embryo
defective 2765 mutation (Hirose et al., 2006). The key step II
RNA helicase Prp2 is represented by three potential homologs
in Arabidopsis, from which the eps3 mutation of PRP2/MAC5
confers enhanced gene silencing, probably due to destabilization
of aberrantly spliced pre-mRNAs and subsequent generation of
derived siRNAs (Herr et al., 2006). The maternal embryo effect
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29 (mee29) mutation in its paralog Prp2b results in deficient
gametophyte/embryo development (Pagnussat et al., 2005).

Taken together, the available genetic data indicate that muta-
tions of essential Arabidopsis NTC components result in lethality.
In those cases, where one of the duplicated genes is preferentially
expressed during embryo and seed development whereas the other
shows higher expression in vegetative tissues, the correspond-
ing single gene mutations yield embryo lethality and pleiotropic
effects in seedlings, respectively. Although not all NTC mutants
were characterized so far for their pleiotropic defects in such a
detail as prl1, all studied NTC deficiencies appear to function as
mos suppressors of snc1-induced innate immunity, which is cou-
pled to the induction of cell death in pathogen infected tissues.
Recently, the prl1 mutation was also demonstrated to suppress
the induction of cell death by singlet oxygen generated through
the accumulation of free protochlorophyllide in the fluorescent in
blue light (flu) mutant (Baruah et al., 2009). Furthermore, the
Arabidopsis mos2 mutation, which has not been connected so far
to NTC, is located in a gene encoding a spliceosome complex
C specific factor Spp2/GPKOW, which is a binding partner of
yeast Prp2 and human protein kinase Cβ2 that shows interac-
tion with PRL1 in human cells (Roy et al., 1995; Németh et al.,
1998; Zhang et al., 2005a; Aksaas et al., 2011). Another candidate
MOS factor is the complex C specific protein RUVBL1, a chro-
matin remodeling ATPase inhibitor of apoptosis (Taniue et al.,
2011). The Arabidopsis RUVBL1 homolog, TIP49A/RIN1, is an
interacting partner of RPM1 receptor required for disease resis-
tance against Pseudomonas syringae pv. maculicola (Holt et al.,
2002). It is also apparent that some pathogen produced effector
molecules could directly modulate the activity of the spliceosome.
Thus, a natural antitumor compound isolated from Pseudomonas
functions as spliceostatin A that specifically targets the U2 snRNP
SF3b complex and thereby inhibits splicing and nuclear retention
of unspliced pre-mRNAs (Kaida et al., 2007).

NTC PROVIDES A LINK BETWEEN SPLICING AND
REGULATION OF DNA REPAIR, RECOMBINATION, AND CELL
DEATH
In addition to controlling spliceosome assembly and activation,
NTC is emerging to play a central role in the regulation of DNA
damage responses, which is consistent with the effects of NTC
subunit mutations observed in Arabidopsis. In yeast, Prp19 was
identified as Pso4, mutation of which causes hypersensitivity to
the DNA cross-linking agent psoralen, as well as to a broad range
of other DNA damaging agents (see for review Legerski, 2009).
Expression of human PRP19/Pso4/SNEV is induced by DNA dam-
age and its down-regulation by RNAi results in the accumulation
of double-stranded DNA breaks and apoptosis (Mahajan and
Mitchell, 2003). Using a DNA interstand cross-link repair assay,
Pso4 was purified together with the NTC subunits CDC5, PRL1,
and SPF27, from which CDC5 directly interacts with the Werner
syndrome DNA helicase (WRN) in complex with the replication
protein A (RPA, Zhang et al., 2005b). RPA is essential for stabiliza-
tion of single-stranded gap structure arising from dual incision of
damaged DNA strand, while WRN assists DNA repair replication.

DNA damage causing an arrest of transcription elongation and
DNA replication leads to activation of the DNA repair checkpoint,

which prevents cells entering or leaving the S-phase. Mutations
inactivating the regulators of this checkpoint lead to persistent
activation of p53 tumor suppressor stimulating cell death and
apoptosis in mammals. Activation of transcription-independent
global genome and transcription-coupled nucleotide excision
repair (GG-NER and TC-NER) pathways is mediated by differ-
ent sensory but common executing components (Lagerwerf et al.,
2011). In GG-NER, various DNA lesions are recognized by the
UV-DDB (Cul4–DDB1–DDB2) and XPC–Rad23B complexes. In
TC-NER, the hyperphosphorylated RNAPII stalled by the DNA
damage is recognized the Cockayne Syndrome CSB chromatin
remodeling ATPase, which subsequently recruits the Cul4–DDB1–
CSA E3 ubiquitin ligase and GCN5/p300 histone acetylase com-
plexes. Remarkably, DDB2 and CSA/ERCC8 are WD-40 proteins
that in analogy to PRL1 are recruited to DDB1. This suggests
that PRL1 in the Pso4 complex might perform a similar sub-
strate receptor function although its target is unknown so far.
Cul4–DDB1–DDB2 ubiquitinates histones H3 and H4 contribut-
ing to opening the damaged chromatin site. On the other hand, the
CSA WD-40 protein is a substrate receptor of CSB, which is being
released and degraded before subsequent loading of the TFIIH
RNAPII transcription initiation/DNA repair complex to the dam-
aged site. In the case of TC-NER, loading of TFIIH requires the
recognition of CSA/CSB by the XAB2/Syf1 NTC subunit, as well as
interaction of the XAB2 complex with the transcription elongation
factor TFIIS and high mobility group chromatin factor HMGN1
(Fousteri et al., 2006).

The human XAB2 complex contains Aquarius, PRP19,
CCDC16/ZNF830 (a component of spliceosome complex B, Table
S1 in Supplementary Material), ISY1 and the NTC-associated PPIE
peptidyl-prolyl cis–trans isomerase (Kuraoka et al., 2008). Differ-
ences between subunit composition of the Pso4 and XAB2 com-
plexes is probably explained by the observation that in response to
DNA damage PRP19 undergoes self-ubiquitination, which stim-
ulates the release of CDC5 and PRL1 (Lu and Legerski, 2007).
Whether this event leads to switching the role of NTC between
splicing and DNA repair remains however to be determined.

Mutations inactivating essential components of the DNA repair
pathways lead to prolonged presence of the ATR checkpoint kinase
at the damaged DNA sites. Chronic activation of ATR, as well as
inhibition of transcription elongation, causes a dramatic increase
in phosphorylated forms of p53 and histone H2AX, and ubiquiti-
nation of H2A (Lagerwerf et al., 2011). Although not detected in
either Pso4 or XAB2 complex, the NTC subunit Syf2 is found in
association with the MCM3 and PCNA DNA replication factors
and is required for activation of ATR (Chu et al., 2006). The yeast
NTC subunit Cfl1/CRN1 is similarly found in a complex with the
DNA replication factor Orc2 and its mutation results in delayed
entry into the S-phase, indicating a direct role in DNA replication
(Zhu et al., 2002). Human CDC5 interacts with and phosphory-
lated by ATR, and is required for the activation of components of
downstream S-phase checkpoint pathway blocking cell cycle pro-
gression (Zhang et al., 2009). Knockouts of mouse and zebrafish
PRLG1/PRL1 result in nuclear to cytoplasmic translocation of
CDC5, stimulation of p53 and histone H2AX phosphorylation,
and induction of apoptosis (Kleinridders et al., 2009). This indi-
cates that, despite their lack in the XAB2 complex, both PRL1
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and CDC5 are essential for activation of the DNA repair check-
point and their absence results in stimulation of default cell death
pathway in mammals.

The human NTC subunit BCAS2/SPF27 (MOS4) directly inter-
acts with and inhibits the activity of p53. As the prl1 mutation,
inactivation of BCAS2 stimulates nuclear retention and phospho-
rylation of p53 leading to apoptosis, while in p53 mutant cells
permits normal G2/M cell cycle arrest (Kuo et al., 2009). Another
NTC subunit, SKIP/Prp45 is specifically required for proper splic-
ing of the cell cycle arrest factor p21Cip1. Thus, inactivation of SKIP
leads to deregulation of the cell cycle and activation of p53 even
in the absence of DNA damage (Chen et al., 2011). Remarkably,
PRP19/SNEV/PSO4 overexpression confers tolerance to reactive
oxygen species and DNA damaging agents prolonging the life span
of human cells (Voglauer et al., 2006). Whether this overexpression
effect is due to accumulation of free PRP19, which is not incor-
porated into NTC, remains a question to answer. In any case, in
Arabidopsis that lacks a functional p53 homolog the effects of NTC
mutations are just opposite compared to yeast and mammals, as
instead of stimulating apoptosis they function as suppressors of
induced cell death. It is thus important to clarify how these muta-
tions affect the DNA repair pathways and how do they modulate
splicing of downstream effectors of signaling pathways that are
activated by the snc1 and flu mutations of pathogen and oxidative
stress response pathways.

ROLE OF NTC IN CO-TRANSCRIPTIONAL SPLICEOSOME
ASSEMBLY
While splicing defects caused by the Arabidopsis NTC mutations
are poorly studied so far, it was observed early on that the Ara-
bidopsis prl1 mutation results in both up and down-regulation
of transcription of many stress regulated genes, which is also
observable in nuclear run-on transcription assays (Németh et al.,
1998). The conclusion that NTC plays a direct role in the regula-
tion of RNAPII transcription and simultaneous co-transcriptional
spliceosome assembly is supported now by an overwhelming
amount of data (see for reviews e.g., Perales and Bentley, 2009;
Muñoz et al., 2010; Oesterreich et al., 2011).

From the core NTC subunits, BCAS2/Snt309, and SKIP/Prp45
are directly recruited to promoters of RNAPII transcribed genes.
BCAS2/Snt309 is a transcription co-activator of human estrogen
receptor, while SKIP/Prp45 is a common co-activator of sev-
eral nuclear receptors and a binding partner of multiple histone
deacetylases and nuclear co-repressors. SKIP plays a pivotal role in
the regulation of transcription in response to Notch and Wnt/β-
catenin signaling, and acts as an inhibitor of NADH+-dependent
SIRT deacetylase by controlling senescence and aging in conjunc-
tion with the retinoic acid receptor (Zhou and Hayward, 2001;
Kang et al., 2010; Wang et al., 2010).

Other NTC components are recruited to RNAPII by their con-
tacts with initiation and elongation factors, and spliceosome com-
ponents. The carboxy-terminal Y1S2P3T4S5P6S7 heptapeptide
repeat domain of RNAPII largest subunit (RNAPII CTD) serves
as platform for binding and assembly of these regulatory factors
(Buratowski, 2009). During transcription initiation, the RNAPII
CTD undergoes S5/S7 phosphorylation by the TFIIH-associated
Kin28/CDK7 kinases (Akhtar et al., 2009). Phosphorylation of the

S5 CTD-residue mediates the recruitment of the capping enzyme,
which interacts with the NTC component Isy1 (Hausmann et al.,
2008). Subsequent formation of the cap-binding complex CBC
and interaction of the U1 snRNP subunit Prp40 with the phospho-
rylated CTD mediates RNAPII loading of the U1 snRNP through
the CBC-binding of U1 subunit Luc7. At the same time, PRP40
recruits the NTC subunit Clf1/Syf3 (Fortes et al., 1999). Arabidop-
sis PRP40 homologs show similar recognition of RNAPII CTD
(Kang et al., 2009) and mutations of the CBC subunits result in
the accumulation of retained introns in pre-mRNAs (Laubinger
et al., 2008). As U1 snRNP interaction can also be observed with
the RNAPII on intronless pre-mRNAs, the U1 snRNP-5′SS com-
mitment complex is only stabilized when the branch site is bound
by the U2AF complex. Interaction of the NTC subunit Syf3/Clf1
with U2AF65 and recognition of BP-bound factor SF1 by Prp40
forms a platform for further loading of the U2 snRNP (Chung
et al., 2011). In addition, U2AF65 and its interacting SR protein
partner SC35 directly bind to RNAPII CTD, and thus play a role
in co-transcriptional assembly of the spliceosome (Spiluttini et al.,
2010).

Recently, U2AF65 was reported to co-purify with the NTC com-
ponents PRP19, CDC5, PRL1, and SPF27 and shown to facilitate
RNAPII CTD-dependent NTC-mediated activation of splicing
(David et al., 2011). The U2 subunit SF3b130 and Cul4–DDB1
are associated with GCN5/p300 histone acetylases of yeast and
human SAGA/STAGA RNAPII co-activator complexes. Similarly
to activation of NTC-modulated DNA repair, histone acetylation
is essential for stabilization of the U2 snRNP in the prespliceosome
(Martinez et al., 2001; Gunderson and Johnson, 2009).

Phosphoserine-5 mark of the RNAPII CTD also provides a
signal for recruitment of SET1-type histone methyltransferases
(Buratowski, 2009). H3K4-trimethyl histone marks deposited by
Set1 are recognized by the human SAGA-associated chromod-
omain protein CHD1, which specifically interacts with the SF3a
subcomplex of U2 snRNP (Sims et al., 2007). The U2 snRNP SF3b
complex recruits the NTC-associated factor Bud31 and the Ist3
subunit of mRNA retention RES complex,which remain then asso-
ciated with the spliceosome (Wang et al., 2005). The U2-associated
human factor tat-SF1 together with the cap-binding complex plays
a role in recruitment of the CDK9/P-TEFb kinase, which stimu-
lates transcription elongation by phosphorylating the S2 residues
of RNAPII CTD.

P-TEFb directly interacts with human SKIP and Menin H3K4
methyltransferase (Brès et al., 2009), as well as with exonic splic-
ing enhancer- and silencer-binding SR-proteins, such as SF2/ASF
and SRp20. In complex with the HP1 adaptor protein, SRp20 is
involved in the recognition of histone H3K9 trimethylation and
regulation of alternative splicing (for review see Lenasi and Bar-
boric, 2010). In addition, P-TEFb-mediated phosphorylation of
RNAPII CTD S2 residue results in the recruitment of Set2-type
histone methyltransferases that deposit H3K36-trimethyl histone
marks preferentially on exon sequences. The H3K36me3 chro-
matin mark is recognized by the adaptor protein MRG15, which
in complex with the PPT-binding protein PTB acts as important
regulator of alternative splicing (see for review Luco et al., 2011).
Interaction of NTC with RNAPII also critically affects transcrip-
tional elongation by recruiting components of the THO/TREX
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complex required for the formation and nuclear export of
messenger ribonucleoproteins (mRNPs, Chanarat et al., 2011).

CONCLUSION AND PERSPECTIVES
In this review, we took a glimpse at molecular mechanisms under-
lying the emerging central regulatory functions of NTC in coor-
dination of spliceosome assembly/activation with transcription,
DNA repair/replication, and stress responses related to aging and
cell death. In particular, we wished to highlight recent advances
in understanding the regulatory functions of Arabidopsis NTC
and spliceosome components embedded in a frame of current
knowledge derived from similar yeast, Drosophila, and human
studies. In the absence of corresponding Arabidopsis data on NTC
connections to the regulation of mitotic and meiotic recombina-
tion, chromosome segregation, chromatin remodeling, tempera-
ture sensing, Polycomb and small RNA-mediated gene silencing,
nuclear mRNA export, nonsense mediated decay, and several other
essential processes, these subjects remained to be covered by a
next timely overview. Compilation of available data on yeast,
Drosophila, and human NTC and spliceosome-associated proteins
and their conserved plant homologs in the Supplement intends to
assist further research to fill this gap.
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In the model plant Arabidopsis thaliana, more than 2000 genes are estimated to encode
transcription factors (TFs), which clearly emphasizes the importance of transcriptional con-
trol. Although genomic approaches have generated large TF open reading frame (ORF)
collections, only a limited number of these genes is functionally characterized, yet.
This review evaluates strategies and methods to identify TF functions. In particular, we
focus on two recently developed TF screening platforms, which make use of publically
available GATEWAY®-compatible ORF collections. (1) The Arabidopsis thaliana T F ORF
over-Expression (AtTORF-Ex) library provides pooled collections of transgenic lines over-
expressing HA-tagged TF genes, which are suited for screening approaches to define TF
functions in stress defense and development. (2) A high-throughput microtiter plate based
protoplast trans activation (PTA) system has been established to screen for TFs which are
regulating a given promoter:Luciferase construct in planta.

Keywords: Arabidopsis thaliana, transcription factor function, screening tools

INTRODUCTION
DNA-binding transcription factors (TFs) are important transcrip-
tional regulators which either activate or repress transcription of
their cognate target genes by binding to regulatory cis-elements in
a sequence-specific manner (Ptashne, 2005; Riechmann, 2006).
Non-DNA-binding TFs mediate their impact on transcription
via protein–protein interaction. In general, TFs are modular
in structure and composed of protein domains which facilitate
DNA-specific binding, homo- and heterodimerization with other
transcriptional regulators and accomplish their transcriptional
activation or repression activity (Figure 1A). Roughly 5–10%
of all Arabidopsis genes are encoding transcriptional regulators,
which clearly emphasizes the importance of transcriptional con-
trol (Riechmann et al., 2000; Mitsuda and Ohme-Takagi, 2009).
Depending on the bioinformatic approach used, approximately
2000 TF genes have been annotated in Arabidopsis (Riechmann
et al., 2000; Guo et al., 2005; Ramirez and Basu, 2009; Perez-
Rodriguez et al., 2010; Yilmaz et al., 2011). Based on their evolu-
tionary conserved DNA-binding domains, these TFs are grouped
into distinct gene families. In Arabidopsis, more than 60 TF families
have been assigned, such as MYBs, MADSs, bHLHs, and AP2/ERFs
(Riechmann et al., 2000; Mitsuda and Ohme-Takagi, 2009). Sev-
eral of these families harbor more than 100 members, which in
part share related functions. This redundancy clearly hampers
functional TF analysis in plants (Qu and Zhu, 2006; Mitsuda and
Ohme-Takagi, 2009). Until now, only a small fraction of the Ara-
bidopsis TFs is functionally well-characterized. Hence, tools are
required to assess TF function on a genomic scale (Figure 1B).

ORF REPOSITORIES ARE A VALUABLE SOURCE FOR FUNCTIONAL
GENOMICS OF TRANSCRIPTIONAL REGULATORS
In the recent years comprehensive genome sequencing projects
have given rise to a vast amount of information about plant

genomes and the number of genes they encode. This knowl-
edge enabled the cloning of the Arabidopsis open reading frames
(ORFs) to further study this ORFeom (e.g., Arabidopsis Biolog-
ical Resource Center, ABRC; RIKEN BioResource Center, RBC;
Hilson, 2006; Seki and Shinozaki, 2009). Focusing on genes of
transcriptional regulators at least five compiled ORF collections
have to be highlighted. These are the REGIA collection encom-
passing approximately 800 TF ORFs (Paz-Ares, 2002) which has
been considerably extended to roughly 1200 ORFs (Castrillo et al.,
2011), the PKU-Yale collection harboring 1300 ORFs (Gong et al.,
2004), and its further enlarged version which consists of ca. 1600
TF clones (Ou et al., 2011). Moreover, the comprehensive TF-
only library (Mitsuda et al., 2010) comprising around 1500 TF
ORFs has to be considered. Although these collections are highly
redundant they corporately cover almost the complete Arabidopsis
regulome (Riechmann et al., 2000; Guo et al., 2005; Mitsuda and
Ohme-Takagi, 2009). As a common feature, these libraries preserve
the cloned TF ORFs in recombinase-compatible vectors (such as
the GATEWAY® system), enabling the transfer of single coding-
sequences or whole ORF libraries into suitable expression vec-
tors. This immanent transfer-flexibility of these ORF repositories
allows the user to apply them for a broad variety of experimental
high-throughput screening tools.

HIGH-THROUGHPUT SCREENING TOOLS FOR FUNCTIONAL GENOMICS
ON ARABIDOPSIS TRANSCRIPTION FACTORS
Several gain-of-function approaches have been employed to func-
tionally characterize the Arabidopsis ORFeome making use of
transgenic plants (Kuromori et al., 2009; Kondou et al., 2010).
In this respect, the full-length cDNA over-expressing (FOX) gene
hunting system is one of the first described reverse genetic
approaches which provides plants expressing a cDNA library
of around 10.000 independent Arabidopsis full-length cDNAs
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FIGURE 1 | Methods to analyze transcription factor function. (A) The
modular structure of TFs. Domains which function in activation, repression,
dimerization or protein–protein interaction, and DNA-binding are color
coded in red, green, yellow, or blue, respectively. (B) Overview of methods
which can be used to elucidate TF functions. For details see text. Y2H,
yeast two-hybrid; Y1H, yeast one-hybrid; B1H, bacterial one-hybrid; P2H,
protoplast two-hybrid; BiFC, bimolecular fluorescence complementation;
FRET, fluorescence resonance energy transfer; Co-IP,
co-immuno-precipitation; PTA, protoplast transactivation; EMSA,
electrophoretic mobility shift assay; SELEX, systematic evolution of ligands
by exponential enrichment; DamID, DNA adenine methylation identification;
ChIP, chromatin immuno-precipitation; ChIP-chip, ChIP combined with tilling
array technology; ChIP-seq, ChIP combined with sequencing of
immunoprecipitated DNA fragments; CRES-T, chimeric repressor gene
silencing technology; RNAi, RNA interference; TSS, Transcriptional start site.

(Ichikawa et al., 2006). In order to develop a high-throughput
method specifically focusing on functional analysis of TFs, the
Arabidopsis thaliana t ranscription factor ORF over-expression
(At TORF-Ex) seed collection has been established (Weiste et al.,
2007). Instead of applying a labor- and cost-intensive one-
by-one transformation approach, a parallel batch procedure of
pooled collections of GATEWAY®-tagged TF cDNAs has been

used to simultaneously recombine ORF libraries into a plant
expression vector. This enables the expression of HA-tagged TF-
fusion proteins in plants under control of the 35S promoter. As
depicted in the scheme in Figure 2, properly recombined vec-
tor DNA pools are selected by E. coli transformation. E. coli-
derived vector DNA pools are subsequently used for Agrobac-
terium and Arabidopsis flower-dip transformation. After Basta®
selection, a seed library of transgenic lines is obtained which
over-expresses HA-tagged TF genes. T2-seeds of these transfor-
mants are harvested as seed stocks which can be applied for
various screening approaches to identify TF genes involved in
plant development or stress response. However, it has to be con-
sidered, that the seed stocks hold 25% of wild-type seeds, which
enlarge the number of plants which have to enter the screening
procedure.

The feasibility of the approach has been analyzed using near-
complete collections of the AP2/ERF family (Weiste et al., 2007).
The cDNAs used as starting material have been equally traced
during all steps of the procedure and no significant bias for par-
ticular clones and no preference for clone sizes has been observed.
The frequency of multiple transformation events has been deter-
mined to be relatively low (in the range of 4%). Expression analysis
has been performed on RNA and protein level using the HA-tag.
Approximately 60 or 30% of the plants show significant trans-
gene expression on RNA or protein level, respectively. In respect
to a particular transgene, several independent transgenic lines are
present in the At TORF-Ex collection displaying a high variety
in expression. In fact, this finding is important if high expres-
sion levels result in lethality. Striking phenotypic alterations have
been observed in 4% of the plants. Based on these data and sta-
tistical estimations an optimized protocol has been established
which ensures a high coverage of TF genes in the library (>99%).
Currently, the At TORF-Ex collection harbors transgenic plants
over-expressing 650 TF ORFs which are available as pools con-
sisting of 30–60 TFs (Table 1). Collections which are organized
in TF families enable screening approaches which are focused on
specific candidates.

In order to define which TF is involved in a particular function,
these collections can be used for phenotypical screens. Devel-
opmental phenotypes due to ectopic TF expression have suc-
cessfully been assayed, such as altered leaf shape or early leaf
senescence. Resistance to abiotic (e.g., treatment with paraquat,
heavy metals, salt) or biotic stresses (e.g., fungal infection) have
been accomplished. Beside classical screens based on altered
growth or resistance, screens can also be performed by assay-
ing molecular phenotypes, e.g., the production of secondary
metabolites.

As a proof-of-principle, Weiste et al. (2007) have demonstrated
that over-expression of At3g23220 (ERF95; Nakano et al., 2006)
leads to resistance to oxidative stress when seedlings were grown on
MS media supplemented with paraquat. The GATEWAY®-tagged
TF genes can easily be recovered from the selected plants by PCR
and sequencing using att-site specific primers. A recurring correla-
tion between phenotype and PCR-amplified transgenes discloses
likely TF candidates encoding the function of interest. This was
the case in 50% of the identified paraquat resistant plants. How-
ever, the observed phenotype might not necessarily be linked to
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FIGURE 2 | Establishment and application of the Arabidopsis thaliana
transcription factor ORF over-expression (At TORF-Ex) seed collection.

Pooled GATEWAY®-compatible ORF-TF expression vectors have been
transferred from E. coli via Agrobacterium tumefaciens to Arabidopsis.
Transgenic Basta®-resistant seeds were collected and stored as seed stocks
which can be screened for altered phenotypes. Downstream applications of
the AtTORF-Ex collections are indicated. For details see Weiste et al. (2007).

TF expression, e.g., if the T-DNA insertion leads to dominant
mutations due to truncated gene products. Alternatively, the

Table 1 | Overview of the available AtTORF-Ex screening collections.

Mix TF family No. of individualTF ORFs

#1 ERF 32

#2 ERF 30

#3 ERF 30

#4 ERF 25

#5 WRKY 32

#6 WRKY 32

#7 NAC 30

#8 NAC 34

#9 bZIP 56

#10 MYB 30

#11 DOF 29

#12 Mix 60

#13 Mix 60

#14 Mix 60

#15 Mix 60

#16 Mix 48

Σ = 648

Given are theTF family specific and mixed transgenic seed stocks.The collection

size is indicated.

phenotype might be due to co-suppression and not caused by
over-expression. In conclusion, promising candidates should be
obtained several times during the screen and carefully evaluated
by molecular means.

As a general drawback of a gain-of-function method, one
has to consider that by ectopic expression, both hypermorphs
(altered phenotype due to high expression levels) and neomorphs
(new function caused by inappropriate tissue or developmental
stage dependent expression) might appear (Qu and Zhu, 2006).
Therefore, loss-of-function approaches should be used to further
validate the findings. With respect to the mentioned example,
ERF95 loss-of-function plants show wt resistance to paraquat,
probably due to functional redundancy of closely related TF fam-
ily members (Nakano et al., 2006). Redundancy within large
gene families can easily be addressed by At TORF-Ex screening,
as homologous TFs involved in related functions are frequently
identified during exhaustive screens. In summary, this high-
throughput procedure for TF ORFeome analysis can efficiently
be used in unbiased screening approaches to unravel the TF
phenome.

FUTURE PERSPECTIVES OF SCREENS TO DECIPHER TRANSCRIPTION
FACTOR FUNCTION
As constitutive expression might result in severe phenotypical
alterations, inducible expression collections would clearly be use-
ful and can be generated both by one-by-one or batch pro-
cedures. To complement the ectopic expression experiments,
loss-of-function approaches would also provide straight-forward
screening tools. However, comprehensive RNAi- or amiRNA-
collections for studying TF function are not published, yet. As a
loss-of-function approach, the chimeric repressor gene silencing
t echnology (CRES-T) procedure is currently applied for study-
ing TFs on a genome-wide basis (http://www.cres-t.org/fiore/
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public_db/index.shtml). This resource uses a one-by-one transfor-
mation procedure expressing TF-fusions with an ERF-associated
amphiphilic repression (EAR) domain (Hiratsu et al., 2003). How-
ever, it has to be mentioned that fusion of a repressor domain
to a TF which functions as a negative regulator does not nec-
essarily phenocopy the loss-of-function mutant. Thus, careful
molecular and phenotypical analyses are needed to validate the
results.

As it has been described for the At TORF-Ex collection, the
CRES-T approach can also be performed as a pooled expression
system. As a major advantage, these artificial repressors block
DNA-binding sites of target promoters and therefore, are par-
ticularly useful when redundant TFs are studied. This Arabidop-
sis thaliana t ranscription factor ORF repression (At TORF-Rep)
collection is currently under investigation. Although single phe-
notypes described for knock-out plants have been reproduced,
the high-throughput analysis of these phenotypes are somewhat
difficult, as suppression is partial and might also lead to target
gene activation if a TF-specific activation domain competes with
the EAR repression domain. Hence, molecular interpretation of
phenotypes might not always be easy to perform.

SCREENING TOOLS TO IDENTIFY THE COGNATE TRANSCRIPTION
FACTOR REGULATING A PROMOTER OF INTEREST
Defining TFs which bind and/or regulate a promoter of choice
is a standard experimental approach. Classically, in vitro DNA-
binding of phage-expressed cDNA-derived proteins (“South-
Western” screening) has been used (Singh et al., 1988; Figure 1B).
However, in vitro DNA-binding might not reflect the situation in
a cell (Heinekamp et al., 2002). Yeast one-hybrid (Y1H) screen-
ings (Fields and Song, 1989) are favored methods to rapidly detect
protein–DNA interactions in vivo. Traditional Y1H screenings are
based on the interaction of complete cDNA expression libraries
with a promoter sequence driving a reporter gene. In order to iden-
tify TF–DNA interactions, libraries prepared from total mRNA
might not be appropriate as TF genes are frequently expressed
at low levels and are thus under-represented. In addition, regula-
tory proteins with high affinity to un-specific DNA regions may
frequently lead to false positives.

Recently, several Y1H approaches have been published, making
use of normalized collections composed of up to 1500 TF cDNAs
(Mitsuda et al., 2010; Castrillo et al., 2011; Ou et al., 2011). In
particular, TF collections arrayed in 96-well plates which can be
independently transferred in a high-throughput mating-type set-
up, appear to be promising tools (Castrillo et al., 2011). Hence,
it is assured that each cDNA clone of the collection is assayed.
Although TF-specific libraries enhance the screening efficiency,
yeast systems still have the disadvantage that the conditions inside
the yeast nucleus might differ from those in plant cells (Ehlert
et al., 2006). In comparison to plants, yeast promoters are shorter
in size and therefore, additional transcriptional start events might
compete when promoters are assayed which exceeds the size of
approximately 300 bps (Dobi and Winston, 2007; Mitsuda et al.,
2010). Hence,Y1H screens are limited to short promoter fragments
or multimerized cis-elements.

The use of plant cell screening systems prevents most of
these conceivable disadvantages. High-throughput microtiter

plate based protoplast transfection systems have been recently
described (De Sutter et al., 2005; Wehner et al., 2011) which can
be used in combination with arrayed TF expression collections to
identify TFs which regulate a promoter of choice (protoplast trans
activation System, PTA; Wehner et al., 2011). Applying this proce-
dure, the transactivation properties of 96 TFs can simultaneously
be defined (Figure 3).

Using the GATEWAY® technology, collections of TF ORFs
can easily be mobilized into a plant expression vector to enable
the expression of HA-tagged TF-fusion proteins in Arabidopsis
protoplasts. Screens for operating TFs can be performed by co-
transfection of promoter:LUCIFERASE reporters and assaying
the TF’s activation or repression potential by luciferase imag-
ing. The measurement is performed in vivo and does not need
any cell extraction. Thus this system is suited for automati-
zation or liquid handling by using multichannel pipettes or
robotic systems (De Sutter et al., 2005). Currently a screening
collection of roughly 850 TF expression vectors is available,
which is arrayed in microtiter plates. In contrast to classical
Y1H screens no time consuming DNA re-isolation steps are
necessary.

As a proof-of-principle several full-length Arabidopsis promot-
ers (up to 1500 bps) have been analyzed in the PTA system (Wehner
et al., 2011). Importantly, those TFs which have been described to
regulate these promoters could be re-isolated but moreover, several
closely related family members, which appear to show redundant
transactivation properties are likewise identified. Furthermore,
promoters with both, low and high background activities can be
used in this screening system.

The PTA system offers a wide range of applications. For
instance, it has been shown that activators as well as repres-
sors can be studied (Wehner et al., 2011). Moreover, in contrast
to yeast cells, protoplasts provide the necessary perception and
signaling system to study signal-induced plant processes. Sev-
eral stress or hormone treatments such as salt, abscisic acid,
auxin, jasmonic acid, or photosynthetic inhibitors have already
been successfully applied (Wehner et al., 2011). Finally, by
using protoplasts from different sources (e.g., leaves, roots, sus-
pension culture) tissue specific conditions can be taken into
account.

FUTURE PERSPECTIVES OF THE PTA SYSTEM: IDENTIFICATION OF
SIGNALING COMPOUNDS WHICH FUNCTIONALLY INTERACT WITH
TRANSCRIPTION FACTORS
Transcription factor function requires the interaction with other
proteins, e.g., transcriptional regulation often depends on the for-
mation of heterodimers. Protoplast t wo-hybrid (P2H) approaches
have already been successfully established to define in vivo protein–
protein interactions (Ehlert et al., 2006; Weltmeier et al., 2006;
Böttner et al., 2009). This approach can also be used in the proto-
plast high-throughput system. Moreover, the involvement of TFs
in signaling cascades can be assayed. For instance, TF activity is
frequently modulated by phosphorylation (Schütze et al., 2008).
Making use of the PTA system, the operating kinases can be iden-
tified by co-transformation of a collection of kinase expression
vectors. As a proof-of-principle, the functional interplay of the
SnRK1 kinase KIN10 (Baena-Gonzalez et al., 2007) and bZIP TFs
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FIGURE 3 | Schematic overview of the protoplast trans activation

(PTA) system to identifyTFs regulating a Promoter:LUC reporter. For
details see Wehner et al. (2011).

has already been addressed in the PTA system (Wehner et al.,
2011). Furthermore, Y1H assays have been used to screen for TFs
interacting with proteins such as co-regulators (Ou et al., 2011).
These experiments can also be performed in the PTA system, but
in a homologous cellular background. In order to rapidly model

plant signaling cascades, TFs and candidate signaling effectors can
be co-expressed in specific mutant backgrounds if these plants
are used as a source for protoplast preparation. Finally, the high-
throughput system might also be applied as a loss-of-function
approach. RNAi-based silencing has been demonstrated to work
efficiently in protoplasts (Zhai et al., 2009). Hence, GATEWAY®
TF–RNAi collections are needed to evaluate the potential of this
approach.

SCREENING TOOLS TO IDENTIFY TF BINDING SITES
The identification of TF target sites is crucial for deciphering their
biological function. Several in vitro selection methods have been
proposed to identify a DNA–binding-site for a given recombinant
TF protein (Figure 1B). Basically, systematic evolution of ligands
by exponential enrichment (SELEX)-type methods (Tuerk and
Gold, 1990) have been proposed (Xue, 2005). Recently, Godoy
et al. (2011) described a protein-binding microarray (PBM11)
containing a saturated collection of double-stranded 11-mers
for determining DNA-binding TFs. Although these methods are
clearly limited as they assay in vitro interactions, biological rele-
vant TF–DNA interactions have been reproduced. An alternative
in vivo bacterial one-hybrid approach using a library of cloned
random DNA-binding sites has been successfully applied in the
animal field (Meng et al., 2005). However, this tool has not been
described for plant TFs, yet.

Several methods are used to identify in vivo DNA-binding
sites of TFs, such as the DNA adenine methylation identification
(DamID) approach (Germann and Gaudin, 2011). Expression of
a TF-fusion with the prokaryotic DNA adenine methyltransferase
(Dam) enzyme leads to methylation fingerprints on the DNA
which are located in close vicinity to the TF binding-site. These
fingerprints can be disclosed by methylation-sensitive restric-
tion enzymes. Chromatin immuno-precipitation (ChIP) com-
bined with tilling array technology (ChIP-chip) or sequencing
of immunoprecipitated DNA fragments (ChIP-seq) appear to be
straight-forward methods to define TF binding sites in vivo (Fode
and Gatz, 2009; Mitsuda and Ohme-Takagi, 2009; Kaufmann
et al., 2010; Muino et al., 2011). These methods have success-
fully been applied in plants, however they are demanding with
respect to technical expertise and bioinformatic analysis. Using
this approach, highly expressed tagged TFs are easier to study and
do not require TF-specific antibodies. However, miss-expression
and protein fusions require careful additional analysis to validate
the obtained results.

CONCLUSION
Understanding the transcriptional networks is the final goal of
plant TF research. In order to define distinct or partly redun-
dant functions of highly related TF family members, the described
screening approaches are valuable additions to the molecular biol-
ogy tool-box which will significantly speed-up functional analysis
of plant TFs.

ACKNOWLEDGMENTS
This work was funded by the DFG grant DR273/12-1 within
the framework of the Arabidopsis Functional Genomics Network
(AFGN) and the University of Würzburg in the funding program
“Open Access Publishing.”

www.frontiersin.org November 2011 | Volume 2 | Article 68 | 182

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Wehner et al. Tools to analyze transcription factor function

REFERENCES
Baena-Gonzalez, E., Rolland, F.,

Thevelein, J. M., and Sheen, J.
(2007). A central integrator of
transcription networks in plant
stress and energy signalling. Nature
448, 938–942.

Böttner, S., Iven, T., Carsjens, C.
S., and Dröge-Laser, W. (2009).
Nuclear accumulation of the
ankyrin repeat protein ANK1
enhances the auxin-mediated
transcription accomplished by the
bZIP transcription factors BZI-1
and BZI-2. Plant J. 58, 914–926.

Castrillo, G., Turck, F., Leveugle, M.,
Lecharny, A., Carbonero, P., Coup-
land, G., Paz-Ares, J., and Oñate-
Sánchez, L. (2011). Speeding cis-
trans regulation discovery by phy-
logenomic analyses coupled with
screenings of an arrayed library
of Arabidopsis transcription fac-
tors. PLoS ONE 6, e21524. doi:
10.1371/journal.pone.0021524

De Sutter, V., Vanderhaeghen, R., Tille-
man, S., Lammertyn, F., Vanhoutte,
I., Karimi, M., Inze, D., Goossens, A.,
and Hilson, P. (2005). Exploration of
jasmonate signalling via automated
and standardized transient expres-
sion assays in tobacco cells. Plant J.
44, 1065–1076.

Dobi, K. C., and Winston, F. (2007).
Analysis of transcriptional acti-
vation at a distance in Saccha-
romyces cerevisiae. Mol. Cell. Biol. 27,
5575–5586.

Ehlert, A., Weltmeier, F., Wang, X.,
Mayer, C. S., Smeekens, S., Vicente-
Carbajosa, J., and Dröge-Laser, W.
(2006). Two-hybrid protein-protein
interaction analysis in Arabidopsis
protoplasts: establishment of a het-
erodimerization map of group C and
group S bZIP transcription factors.
Plant J. 46, 890–900.

Fields, S., and Song, O. (1989). A novel
genetic system to detect protein-
protein interactions. Nature 340,
245–246.

Fode, B., and Gatz, C. (2009). Chro-
matin immunoprecipitation exper-
iments to investigate in vivo binding
of Arabidopsis transcription factors
to target sequences. Methods Mol.
Biol. 479, 261–272.

Germann, S., and Gaudin, V. (2011).
Mapping in vivo protein-DNA inter-
actions in plants by DamID, a
DNA adenine methylation-based
method. Methods Mol. Biol. 754,
307–321.

Godoy, M., Franco-Zorrilla, J. M.,
Perez-Perez, J., Oliveros, J. C.,
Lorenzo, O., and Solano, R. (2011).
Improved protein-binding microar-
rays for the identification of DNA-
binding specificities of transcription
factors. Plant J. 66, 700–711.

Gong, W., Shen, Y. P., Ma, L. G., Pan, Y.,
Du, Y. L., Wang, D. H., Yang, J. Y.,
Hu, L. D., Liu, X. F., Dong, C. X., Ma,
L., Chen, Y. H., Yang, X. Y., Gao, Y.,
Zhu, D., Tan, X., Mu, J. Y., Zhang, D.
B., Liu, Y. L., Dinesh-Kumar, S. P., Li,
Y., Wang, X. P., Gu, H. Y., Qu, L. J.,
Bai, S. N., Lu, Y. T., Li, J. Y., Zhao,
J. D., Zuo, J., Huang, H., Deng, X.
W., and Zhu, Y. X. (2004). Genome-
wide ORFeome cloning and analysis
of Arabidopsis transcription factor
genes. Plant Physiol. 135, 773–782.

Guo, A., He, K., Liu, D., Bai, S., Gu,
X., Wei, L., and Luo, J. (2005).
DATF: a database of Arabidopsis
transcription factors. Bioinformatics
21, 2568–2569.

Heinekamp, T., Kuhlmann, M., Lenk,
A., Strathmann, A., and Dröge-
Laser, W. (2002). The tobacco bZIP
transcription factor BZI-1 binds to
G-box elements in the promoters
of phenylpropanoid pathway genes
in vitro, but it is not involved in
their regulation in vivo. Mol. Genet.
Genomics 267, 16–26.

Hilson, P. (2006). Cloned sequence
repertoires for small- and large-
scale biology. Trends Plant Sci. 11,
133–141.

Hiratsu, K., Matsui, K., Koyama, T.,
and Ohme-Takagi, M. (2003). Dom-
inant repression of target genes by
chimeric repressors that include the
EAR motif, a repression domain, in
Arabidopsis. Plant J. 34, 733–739.

Ichikawa, T., Nakazawa, M., Kawashima,
M., Iizumi, H., Kuroda, H., Kondou,
Y., Tsuhara, Y., Suzuki, K., Ishikawa,
A., Seki, M., Fujita, M., Motohashi,
R., Nagata, N., Takagi, T., Shinozaki,
K., and Matsui, M. (2006). The FOX
hunting system: an alternative gain-
of-function gene hunting technique.
Plant J. 48, 974–985.

Kaufmann, K., Muino, J. M., Osteras,
M., Farinelli, L., Krajewski, P., and
Angenent, G. C. (2010). Chro-
matin immunoprecipitation (ChIP)
of plant transcription factors fol-
lowed by sequencing (ChIP-SEQ)
or hybridization to whole genome
arrays (ChIP-CHIP). Nat. Protoc. 5,
457–472.

Kondou,Y., Higuchi, M., and Matsui, M.
(2010). High-throughput character-
ization of plant gene functions by
using gain-of-function technology.
Annu. Rev. Plant Biol. 61, 373–393.

Kuromori, T., Takahashi, S., Kondou,
Y., Shinozaki, K., and Matsui, M.
(2009). Phenome analysis in plant
species using loss-of-function and
gain-of-function mutants. Plant Cell
Physiol. 50, 1215–1231.

Meng, X., Brodsky, M. H., and Wolfe,
S. A. (2005). A bacterial one-hybrid
system for determining the DNA-
binding specificity of transcription

factors. Nat. Biotechnol. 23,
988–994.

Mitsuda, N., Ikeda, M., Takada, S.,
Takiguchi,Y., Kondou,Y.,Yoshizumi,
T., Fujita, M., Shinozaki, K., Mat-
sui, M., and Ohme-Takagi, M.
(2010). Efficient yeast one-/two-
hybrid screening using a library
composed only of transcription fac-
tors. Plant Cell Physiol. 2145–2151.

Mitsuda, N., and Ohme-Takagi, M.
(2009). Functional analysis of
transcription factors in Arabidopsis.
Plant Cell Physiol. 50, 1232–1248.

Muino, J. M., Kaufmann, K., Van Ham,
R. C., Angenent, G. C., and Krajew-
ski, P. (2011). ChIP-seq analysis in R
(CSAR): an R package for the sta-
tistical detection of protein-bound
genomic regions. Plant Methods 7,
11.

Nakano, T., Suzuki, K., Fujimura, T., and
Shinshi, H. (2006). Genome-wide
analysis of the ERF gene family in
Arabidopsis and rice. Plant Physiol.
140, 411–432.

Ou, B., Yin, K. Q., Liu, S. N., Yang,
Y., Gu, T., Wing Hui, J. M., Zhang,
L., Miao, J., Kondou, Y., Matsui, M.,
Gu, H. Y., and Qu, L. J. (2011).
A high-throughput screening system
for Arabidopsis transcription fac-
tors and its application to med25-
dependent transcriptional regula-
tion. Mol. Plant 4, 546–555.

Paz-Ares, J. (2002). REGIA, an EU
project on functional genomics of
transcription factors from Arabidop-
sis thaliana. Comp. Funct. Genomics
3, 102–108.

Perez-Rodriguez, P., Riano-Pachon, D.
M., Correa, L. G., Rensing, S. A.,
Kersten, B., and Mueller-Roeber,
B. (2010). PlnTFDB: updated con-
tent and new features of the
plant transcription factor database.
Nucleic Acids Res. 38, D822–D827.

Ptashne, M. (2005). Regulation of
transcription: from lambda to
eukaryotes. Trends Biochem. Sci. 30,
275–279.

Qu, L. J., and Zhu, Y. X. (2006).
Transcription factor families in Ara-
bidopsis: major progress and out-
standing issues for future research.
Curr. Opin. Plant Biol. 9, 544–549.

Ramirez, S. R., and Basu, C. (2009).
Comparative analyses of plant
transcription factor databases. Curr.
Genomics 10, 10–17.

Riechmann, J. L. (2006). “Transcription
factors of Arabidopsis and rice: a
genomic perspective” in Regulation
of Transcription in Plants, ed. K.
D. Grasser (Oxford, UK: Blackwell
Publishing Ltd), 28–53.

Riechmann, J. L., Heard, J., Martin,
G., Reuber, L., Jiang, C., Keddie, J.,
Adam, L., Pineda, O., Ratcliffe, O. J.,
Samaha,R. R.,Creelman,R.,Pilgrim,

M., Broun, P., Zhang, J. Z., Ghan-
dehari, D., Sherman, B. K., and Yu,
G. (2000). Arabidopsis transcription
factors: genome-wide comparative
analysis among eukaryotes. Science
290, 2105–2110.

Schütze, K., Harter, K., and Chaban, C.
(2008). Post-translational regulation
of plant bZIP factors. Trends Plant
Sci. 13, 247–255.

Seki, M., and Shinozaki, K. (2009).
Functional genomics using RIKEN
Arabidopsis thaliana full-length
cDNAs. J. Plant Res. 122, 355–366.

Singh, H., Lebowitz, J. H., Baldwin, A.
S. Jr., and Sharp, P. A. (1988). Mole-
cular cloning of an enhancer bind-
ing protein: isolation by screening
of an expression library with a
recognition site DNA. Cell 52,
415–423.

Tuerk, C., and Gold, L. (1990). System-
atic evolution of ligands by expo-
nential enrichment: RNA ligands to
bacteriophage T4 DNA polymerase.
Science 249, 505–510.

Wehner, N., Hartmann, L., Ehlert,
A., Böttner, S., Onate-Sanchez,
L., and Dröge-Laser, W. (2011).
High-throughput protoplast trans
activation (PTA) system for the
analysis of Arabidopsis transcription
factor function. Plant J. doi:
10.1111/j.1365-1313X.2011.04704.x

Weiste, C., Iven, T., Fischer, U.,
Onate-Sanchez, L., and Dröge-
Laser, W. (2007). In planta
ORFeome analysis by large-scale
over-expression of GATEWAY-
compatible cDNA clones: screening
of ERF transcription factors
involved in abiotic stress defense.
Plant J. 52, 382–390.

Weltmeier, F., Ehlert, A., Mayer, C.
S., Dietrich, K., Wang, X., Schütze,
K., Alonso, R., Harter, K., Vicente-
Carbajosa, J., and Dröge-Laser,
W. (2006). Combinatorial con-
trol of Arabidopsis proline dehy-
drogenase transcription by spe-
cific heterodimerisation of bZIP
transcription factors. EMBO J. 25,
3133–3143.

Xue, G. P. (2005). A CELD-fusion
method for rapid determination of
the DNA-binding sequence speci-
ficity of novel plant DNA-binding
proteins. Plant J. 41, 638–649.

Yilmaz, A., Mejia-Guerra, M. K., Kurz,
K., Liang, X., Welch, L., and Grote-
wold, E. (2011). AGRIS: the Ara-
bidopsis gene regulatory informa-
tion server, an update. Nucleic Acids
Res. 39, D1118–D1122.

Zhai, Z., Sooksa-Nguan, T., and Vata-
maniuk, O. K. (2009). Establish-
ing RNA interference as a reverse-
genetic approach for gene functional
analysis in protoplasts. Plant Physiol.
149, 642–652.

Frontiers in Plant Science | Plant Physiology November 2011 | Volume 2 | Article 68 | 183

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Wehner et al. Tools to analyze transcription factor function

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence
of any commercial or financial
relationships that could be con-
strued as a potential conflict of
interest.

Received: 02 September 2011; paper
pending published: 22 September 2011;
accepted: 08 October 2011; published
online: 04 November 2011.
Citation: Wehner N,Weiste C and Dröge-
Laser W (2011) Molecular screening
tools to study Arabidopsis transcription

factors. Front. Plant Sci. 2:68. doi:
10.3389/fpls.2011.00068
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2011 Wehner, Weiste and
Dröge-Laser . This is an open-access

article subject to a non-exclusive license
between the authors and Frontiers Media
SA, which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and other Frontiers conditions are
complied with.

www.frontiersin.org November 2011 | Volume 2 | Article 68 |184

http://dx.doi.org/10.3389/fpls.2011.00068
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


ORIGINAL RESEARCH ARTICLE
published: 21 November 2011

doi: 10.3389/fpls.2011.00079

The bZIP transcription factor PERIANTHIA: a
multifunctional hub for meristem control

AnnetteT. Maier 1,2, Sandra Stehling-Sun2†, Sarah-Lena Offenburger 2 and Jan U. Lohmann1*
1 Department of Stem Cell Biology, Centre for Organismal Studies Heidelberg, Heidelberg University, Heidelberg, Germany
2 Max Planck Institute for Developmental Biology, Tübingen, Germany

Edited by:
Andreas P. M. Weber, University of
Duesseldorf, Germany

Reviewed by:
Yvonne Stahl, Heinrich-Heine
University, Germany
Kay Schneitz, Technische Universität
München, Germany

*Correspondence:
Jan U. Lohmann, Department of
Stem Cell Biology, Centre for
Organismal Studies, University of
Heidelberg, Im Neuenheimer Feld
230, D-69120 Heidelberg, Germany.
e-mail: jlohmann@meristemania.org
†Present address:
Sandra Stehling-Sun, University of
Washington, Seattle, WA, USA.

As sessile organisms, plants are exposed to extreme variations in environmental condi-
tions over the course of their lives. Since plants grow and initiate new organs continuously,
they have to modulate the underlying developmental program accordingly to cope with this
challenge. At the heart of this extraordinary developmental plasticity are pluripotent stem
cells, which are maintained during the entire life-cycle of the plant and that are embedded
within dynamic stem cell niches. While the complex regulatory principles of plant stem
cell control under artificial constant growth conditions begin to emerge, virtually nothing
is known about how this circuit adapts to variations in the environment. In addition to the
local feedback system constituted by the homeodomain transcription factor WUSCHEL
(WUS) and the CLAVATA signaling cascade in the center of the shoot apical meristem
(SAM), the bZIP transcription factor PERIANTHIA (PAN) not only has a broader expres-
sion domain in SAM and flowers, but also carries out more diverse functions in meristem
maintenance: pan mutants show alterations in environmental response, shoot meristem
size, floral organ number, and exhibit severe defects in termination of floral stem cells
in an environment dependent fashion. Genetic and genomic analyses indicate that PAN
interacts with a plethora of developmental pathways including light, plant hormone, and
meristem control systems, suggesting that PAN is as an important regulatory node in the
network of plant stem cell control.

Keywords:Arabidopsis, meristem regulation, stem cells, auxin, cytokinin, PERIANTHIA, type-AARR, SHOOTMERIS-
TEMLESS

INTRODUCTION
In contrast to most animals, plants continue to form new organs
throughout their lives. This remarkable capacity is dependent on
the continuous presence of undifferentiated and self-renewing
stem cells over long periods of time. These stem cells reside at
the growing points of a plant, the tips of roots and shoots, and are
embedded into specialized structures called meristems (Barton,
2010).

Several genes affecting meristem and stem cell function have
been identified by mutant screens in Arabidopsis thaliana. Most
notably WUSCHEL (WUS) and SHOOTMERISTEMLESS (STM )
are required for the maintenance of the shoot meristem (Barton
and Poethig, 1993; Laux et al., 1996; Long et al., 1996; Mayer et al.,
1998). Their inactivation causes premature differentiation and the
eventual exhaustion of the stem cell pool, leading to the termina-
tion of the shoot meristem. Another group of genes, the CLAVATA
(CLV ) genes, have an opposite effect on meristems and if defec-
tive, shoot meristems overproliferate and expand inappropriately
(Clark et al., 1993, 1995; Kayes and Clark, 1998).

With the exception of CLV2, all genes mentioned above are
expressed in small domains in the shoot apical meristem (SAM).
Elegant genetic studies have shown that WUS and CLV3 are con-
nected by a negative feedback loop to control the size of the
stem cell pool. WUS, which is expressed in the organizing cen-
ter, induces the expression of CLV3 in the overlying true stem

cells, which in turn signals back to the organizing center to keep
WUS expression in check (Brand et al., 2000; Schoof et al., 2000).
In addition to these local regulatory interactions, meristem func-
tion is affected by global hormone signaling pathways, including
auxin and cytokinin circuitries. While STM mediates cytokinin
biosynthesis (Jasinski et al., 2005; Yanai et al., 2005) to allow
cell proliferation in the meristem, its expression is repressed by
auxin (Furutani et al., 2004), which in turn allows organ ini-
tiation on the flanks of the SAM. In contrast, WUS does not
interfere with cytokinin biosynthesis, but directly regulates A-
type ARABIDOPSIS RESPONSE REGULATORS (ARRs; Leibfried
et al., 2005; Busch et al., 2010) that act in the negative feedback
regulation of cytokinin response (To et al., 2004). This feed-
back system of cytokinin signal transduction is also connected
to auxin signaling and ARR7 and ARR15 are directly repressed by
the AUXIN RESPONSE FACTOR5/MONOPTEROS transcription
factor (Zhao et al., 2010). A-type ARRs execute important meris-
tematic functions (Leibfried et al., 2005; Buechel et al., 2010; Zhao
et al., 2010) by so far undiscovered mechanisms (Leibfried et al.,
2005; Zhao et al., 2010).

Cells that leave the shoot meristem during the initial, vegetative
phase of the life-cycle give rise to leaves and meristems of axillary
shoots. After the transition to the reproductive phase, meristems
that newly arise at the flanks of the SAM will develop into flowers
instead. This is due to the redundant activity of meristem identity
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genes such as LEAFY (LFY ) and APETALA1 (AP1). In contrast
to the shoot apex, which is indeterminate, flowers are determi-
nate and stem cell activity ceases after a fixed number of organs
have been formed. In plants that lack LFY activity, flowers are con-
verted into partially indeterminate shoot-like structures (Weigel
et al., 1992).

One set of genes that is directly controlled by the LFY tran-
scription factor includes homeotic genes that specify the fate of
the different floral organs (Parcy et al., 1998; Busch et al., 1999).
We have previously shown that LFY acts together with WUS, which
also encodes a transcription factor, to contribute to the transcrip-
tional activation of the homeotic gene AGAMOUS (AG) in the
center of young flowers. AG in turn, not only specifies the fate
of the floral reproductive organs, but also terminates stem cell
maintenance by negative feedback on WUS expression (Lohmann
et al., 2001). The bZIP transcription factor PERIANTHIA (PAN)
is expressed in the SAM, as well as in developing flowers, where
it overlaps with STM, WUS, the CLV transcripts, and AG, respec-
tively (Chuang et al., 1999). Loss-of PAN function leads to an
increase in the number of perianth organs, the sepals and petals,
while on a gross morphological level the SAM seems unaffected
(Running and Meyerowitz, 1996). In flowers, PAN genetically
interacts with ABC homeotic genes, however these interactions
appear mostly additive (Running and Meyerowitz, 1996). PAN
protein expression was shown to be independent of the meristem-
atic regulators CLV1 and CLV3 as well as of floral meristem identity
genes, such as LFY or AP1, demonstrating that PAN also acts in
parallel to these factors (Chuang et al., 1999). It has been shown
that PAN interacts with the NPR1-like proteins BLADE ON PETI-
OLE 1 (BOP1) and BOP2 in yeast and that bop mutants share
some of pan mutant features (Hepworth et al., 2005). However,

their expression domains only overlap marginally, suggesting that
PAN primarily acts together with other co-factors. It was shown
that PAN plays important roles in the activation of AG (Das et al.,
2009; Maier et al., 2009), which are strikingly modified in various
day-length settings. While PAN brings about the termination of
floral stem cell fate by the direct transcriptional activation of AG,
its function in the SAM, where it is also strongly and specifically
expressed, remains poorly understood.

RESULTS AND DISCUSSION
Since we had noted before that the floral functions of PAN are
strongly dependent on the environment (Maier et al., 2009), we
carefully analyzed vegetative phenotypes of wild-type Columbia
and pan mutant plants under various growth conditions and
found that day-length had a substantial impact on the pene-
trance of pan related defects. In contrast to the reproductive
phase, where pan mutants showed the most dramatic aberra-
tions under short-day conditions, pan plants at the early vegetative
stage were largely undistinguishable from wild-type in short days
(SD; Figures 1A,D). Conversely,pan mutants exhibited pleiotropic
phenotypes when exposed to long days (LD), including elongated
petioles, curled leaves, and a twisted rosette (Figures 1B,E). Under
continuous light (CL), Col and pan phenotypes were less dis-
tinct, but pan plants continued to show more extreme leaf-curling
and rosette twisting. In addition to the morphological traits, we
observed that pan mutants flowered slightly early and on aver-
age formed 1.5 or 2.5 rosette leaves less than wild-type under LD
or CL, respectively (Figure 3A; n = 50). Furthermore, we realized
that pan mutants are extremely sensitive to variations in diverse
environmental conditions, including water and nutrient availabil-
ity, as well as biotic and abiotic stress (data not shown). Taken

FIGURE 1 |Vegetative phenotypes in response to environmental conditions (A–F). Phenotype of wild-type (A–C) and pan mutant (D–F) plants grown under
short-day [SD (A,D)], long-day [LD (B,E)], and continuous light [CL (C,F)] conditions for 21 days. Note leaf-curling, elongated petioles and twisted leaf rosettes
under LD and CL conditions.
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FIGURE 2 | mRNA-expression patterns of PAN and SAM

regulators WUS, CLV3, STM. In situ hybridizations were used
to analyze PAN mRNA-expression patterns. (A–D) Serial longitudinal
sections of wild-type inflorescence apices after 25 days of growth LD.
(E–L) Serial cross sections of a vegetative apex grown in 23 days
in SD. PAN mRNA shows varying expression with a local maximum
in a ring domain around the central zone. PAN expression is reduced

in newly arising organ primordia [P3-P0, see arrowhead in
(H)]. Expression patterns of PAN, WUS, CLV3, and STM in
inflorescence apices of wild-type (I–L) and pan mutant plants (M–P). PAN
(I,M), WUS (J,N), CLV3 (K,O), and STM (L,P). PAN mRNA-expression in
vegetative tissues of wild-type (Q) and wus mutants (R). PAN expression in
wild-type (S) and ring-like expression in enlarged floral tissues on clv3
mutant (T).
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FIGURE 3 | Genetic interactions of PAN with CLV3,WUS, and STM.

(A) From left to right the following genotypes are shown: wild-type, clv3, pan
clv3, and pan. Top views of inflorescence apices of wild-type (B), clv3 (C), pan
clv3 (D), and pan (E) inflorescences. (F) Two wus mutant plants (left) are
shown in comparison to two pan wus double mutants (right). Note the

inhibition of shoot outgrowth in the double mutant. At later developmental
stages a reduced number of shoots grows at a slow rate. (G) Two stm
mutants (left) and two pan stm double mutant plants (right). Note the
elevated number of shoots and branches, as well as floral buds in the pan stm
double mutant.
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Table 1 | Genes with significantly increased expression in inflorescence apices of pan mutants (Rank Products FDR 0.05).

Array

element

Fold

change

Locus

identifier

Annotation

261059_at 2.90 AT1G01250 AP2 domain-containing transcription factor putative

259428_at 2.04 AT1G01560 ATMPK11 (Arabidopsis thaliana MAP kinase 11); MAP kinase/kinase

261564_at 1.78 AT1G01720 ATAF1 (Arabidopsis NAC domain-containing protein 2); transcription factor

264606_at 1.90 AT1G04660 Glycine-rich protein

260791_at 1.94 AT1G06250 lipase class 3 family protein

260788_at 1.96 AT1G06260 Cysteine proteinase putative

261077_at 3.17 AT1G07430 Protein phosphatase 2C putative/PP2C putative

261068_at 2.01 AT1G07450 Tropinone reductase putative/tropine dehydrogenase putative

261485_at 1.90 AT1G14360 ATUTR3/UTR3 (UDP-GALACTOSE TRANSPORTER 3); pyrimidine nucleotide sugar transmembrane trans-

porter

261037_at 2.51 AT1G17420 LOX3 (Lipoxygenase 3); iron ion binding/lipoxygenase/metal ion binding/oxidoreductase acting on single

donors with incorporation of molecular oxygen incorporation of two atoms of oxygen

260684_at 3.46 AT1G17590 CCAAT-binding transcription factor (CBF-B/NF-YA) family protein

256017_at 1.92 AT1G19180 JAZ1/TIFY10A (JASMONATE-ZIM-DOMAIN PROTEIN 1); protein binding

261221_at 3.37 AT1G19960 Similar to transmembrane receptor [Arabidopsis thaliana] (TAIR:AT2G32140.1)

261222_at 2.13 AT1G20120 Family II extracellular lipase putative

261224_at 2.38 AT1G20160 ATSBT5.2; subtilase

264211_at 3.48 AT1G22770 GI (GIGANTEA); binding

265186_at 2.35 AT1G23560 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G70480.2); similar to unknown pro-

tein [Arabidopsis thaliana] (TAIR:AT1G70480.1); similar to unnamed protein product [Vitis vinifera]

(GB:CAO66084.1); contains InterPro domain Protein of unknown function DUF220 (InterPro:IPR003863)

265002_at 3.00 AT1G24400 LHT2 (LYSINE HISTIDINE TRANSPORTER 2); amino acid transmembrane transporter

261650_at 1.80 AT1G27770 ACA1 (autoinhibited Ca2+ -ATPase 1); calcium-transporting ATPase/calmodulin binding

259607_at 1.96 AT1G27940 PGP13 (P-GLYCOPROTEIN 13); ATPase coupled to transmembrane movement of substances

262736_at 2.12 AT1G28570 GDSL-motif lipase putative

260022_at 3.02 AT1G30020 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G46230.1); similar to unnamed protein prod-

uct [Vitis vinifera] (GB:CAO14438.1); contains InterPro domain Protein of unknown function DUF538

(InterPro:IPR007493)

261712_at 2.02 AT1G32780 Alcohol dehydrogenase putative

261191_at 2.11 AT1G32900 Starch synthase putative

256425_at 2.01 AT1G33560 ADR1 (ACTIVATED DISEASE RESISTANCE 1)

261339_at 1.95 AT1G35710 Leucine-rich repeat transmembrane protein kinase putative

245246_at 2.58 AT1G44224 Encodes a ECA1 gametogenesis related family protein

262436_at 1.73 AT1G47610 Transducin family protein/WD-40 repeat family protein

260727_at 2.34 AT1G48100 Glycoside hydrolase family 28 protein/polygalacturonase (pectinase) family protein

256145_at 1.73 AT1G48750 Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein

256181_at 2.04 AT1G51820 Leucine-rich repeat protein kinase putative

262128_at 2.12 AT1G52690 Late embryogenesis abundant protein putative/LEA protein putative

263174_at 1.88 AT1G54040 ESP (EPITHIOSPECIFIER PROTEIN)

263158_at 3.99 AT1G54160 CCAAT-binding transcription factor (CBF-B/NF-YA) family protein

265075_at 2.54 AT1G55450 Embryo-abundant protein-related

264882_at 2.00 AT1G61110 ANAC025 (Arabidopsis NAC domain-containing protein 25); transcription factor

264400_at 1.94 AT1G61800 GPT2 (glucose-6-phosphate/phosphate translocator 2); antiporter/glucose-6-phosphate transmembrane

transporter

265122_at 1.93 AT1G62540 Flavin-containing monooxygenase family protein/FMO family protein

265109_s_at 1.78 AT1G63360;

AT1G62630

[AT1G63360. disease resistance protein (CC-NBS-LRR class). putative]; [AT1G62630. disease resistance

protein (CC-NBS-LRR class). putative]

264636_at 2.57 AT1G65490 Similar to unknown protein [Arabidopsis thaliana](TAIR:AT1G65486.1)

259753_at 1.77 AT1G71050 Heavy-metal-associated domain-containing protein/copper chaperone (CCH)-related

(Continued)
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Table 1 | Continued

Array

element

Fold

change

Locus

identifier

Annotation

256335_at 2.32 AT1G72110 Similar to unknown protein [Arabidopsis thaliana](TAIR:AT2G38995.1); similar to unnamed protein prod-

uct [Vitis vinifera] (GB:CAO48523.1); contains InterPro domain Protein of unknown function UPF0089

(InterPro:IPR004255); contains InterPro domain Protein of unknown function DUF1298 (InterPro:IPR009721)

259852_at 2.20 AT1G72280 AERO1 (ARABIDOPSIS ENDOPLASMIC RETICULUM OXIDOREDUCTINS 1); FAD binding/electron car-

rier/oxidoreductase acting on sulfur group of donors disulfide as acceptor/protein binding

262378_at 3.32 AT1G72830 HAP2C (Heme activator protein (yeast) homolog 2C); transcription factor

262374_s_at 2.02 AT1G72910;

AT1G72930

[AT1G72910. disease resistance protein (TIR-NBS class). putative]; [AT1G72930. TIR (TOLL/INTERLEUKIN-1

RECEPTOR-LIKE); transmembrane receptor]

245734_at 2.26 AT1G73480 Hydrolase alpha/beta fold family protein

260046_at 1.81 AT1G73805 Calmodulin binding

260228_at 3.97 AT1G74540 CYP98A8 (cytochrome P450. family 98. subfamily A. polypeptide 8); oxygen binding

260233_at 2.12 AT1G74550 CYP98A9 (cytochrome P450. family 98. subfamily A. polypeptide 9); oxygen binding

262674_at 4.82 AT1G75910 EXL4 (extracellular lipase 4); acyltransferase/carboxylesterase/lipase

262683_at 2.17 AT1G75920 Family II extracellular lipase 5 (EXL5)

262675_at 5.99 AT1G75930 EXL6 (extracellular lipase 6); acyltransferase/carboxylesterase/lipase

262697_at 2.09 AT1G75940 ATA27 (Arabidopsis thaliana anther 27); hydrolase hydrolyzing O-glycosyl compounds

261749_at 1.71 AT1G76180 ERD14 (EARLY RESPONSE TO DEHYDRATION 14)

264482_at 2.38 AT1G77210 Sugar transporter putative

259705_at 2.85 AT1G77450 ANAC032 (Arabidopsis NAC domain-containing protein 32); transcription factor

262050_at 4.05 AT1G80130 Binding

267483_at 1.98 AT2G02810 ATUTR1/UTR1 (UDP-GALACTOSE TRANSPORTER 1); UDP-galactose transmembrane transporter/UDP-

glucose transmembrane transporter/pyrimidine nucleotide sugar transmembrane transporter

266770_at 1.82 AT2G03090 ATEXPA15 (ARABIDOPSIS THALIANA EXPANSIN A15)

263363_at 3.78 AT2G03850 Late embryogenesis abundant domain-containing protein/LEA domain-containing protein

263073_at 1.95 AT2G17500 Auxin efflux carrier family protein

264787_at 2.14 AT2G17840 ERD7 (EARLY-RESPONSIVE TO DEHYDRATION 7)

265983_at 2.58 AT2G18550 ATHB21/HB-2 (homeobox-2); DNA binding/transcription factor

267440_at 2.74 AT2G19070 Transferase family protein

266693_at 2.27 AT2G19800 MIOX2 (MYO-INOSITOL OXYGENASE 2)

265443_at 2.06 AT2G20750 ATEXPB1 (ARABIDOPSIS THALIANA EXPANSIN B1)

263739_at 1.74 AT2G21320 Zinc finger (B-box type) family protein

263545_at 2.19 AT2G21560 Similar to unknown protein [Arabidopsis thaliana](TAIR:AT4G39190.1); similar to hypothetical protein [Vitis

vinifera] (GB:CAN77202.1)

265984_at 1.91 AT2G24210 TPS10 (TERPENE SYNTHASE 10); myrcene/(E)-beta-ocimene synthase

265898_at 1.90 AT2G25690 Senescence-associated protein-related

245035_at 1.96 AT2G26400 ARD/ATARD3 (ACIREDUCTONE DIOXYGENASE); acireductone dioxygenase [iron(II)-requiring]/heteroglycan

binding/metal ion binding

267595_at 2.30 AT2G32990 ATGH9B8 (ARABIDOPSIS THALIANA GLYCOSYL HYDROLASE 9B8); hydrolase hydrolyzing O-glycosyl

compounds

255795_at 1.74 AT2G33380 RD20 (RESPONSIVE TO DESSICATION 20); calcium ion binding

267429_at 2.81 AT2G34850 MEE25 (maternal effect embryo arrest 25); catalytic

266086_at 1.96 AT2G38060 Transporter-related

257382_at 1.80 AT2G40750 WRKY54 (WRKY DNA-binding protein 54); transcription factor

267083_at 1.73 AT2G41100 TCH3 (TOUCH 3)

266423_at 1.75 AT2G41340 Eukaryotic rpb5 RNA polymerase subunit family protein

266555_at 1.90 AT2G46270 GBF3 (G-BOX BINDING FACTOR 3); transcription factor

266326_at 2.04 AT2G46650 B5 #1 (cytochrome b5 family protein #1); heme binding/transition metal ion binding

266327_at 2.06 AT2G46680 ATHB-7 (ARABIDOPSIS THALIANA HOMEOBOX 7); transcription factor

263320_at 1.80 AT2G47180 ATGOLS1 (ARABIDOPSIS THALIANA GALACTINOL SYNTHASE 1); transferase transferring hexosyl groups

259352_at 9.07 AT3G05170 Phosphoglycerate/bisphosphoglycerate mutase family protein

258894_at 1.98 AT3G05650 Disease resistance family protein

(Continued)
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Table 1 | Continued

Array

element

Fold

change

Locus

identifier

Annotation

258890_at 4.09 AT3G05690 ATHAP2B/HAP2B/UNE8 (HEME ACTIVATOR PROTEIN (YEAST) HOMOLOG 2B); transcription factor

259286_at 3.44 AT3G11480 BSMT1; S-adenosylmethionine-dependent methyltransferase

259937_s_at 1.82 AT3G13080;

AT1G71330

[AT3G13080. ATMRP3 (Arabidopsis thaliana multidrug resistance-associated protein 3)]; [AT1G71330.

ATNAP5 (Arabidopsis thaliana non-intrinsic ABC protein 5)]

258370_at 1.93 AT3G14395 Unknown protein

258399_at 1.74 AT3G15540 IAA19 (indoleacetic acid-induced protein 19); transcription factor

257876_at 1.78 AT3G17130 Invertase/pectin methylesterase inhibitor family protein

258158_at 2.80 AT3G17790 ATACP5 (acid phosphatase 5); acid phosphatase/protein serine/threonine phosphatase

257262_at 4.30 AT3G21890 Zinc finger (B-box type) family protein

258321_at 5.37 AT3G22840 ELIP1 (EARLY LIGHT-INDUCABLE PROTEIN); chlorophyll binding

257925_at 2.98 AT3G23170 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G14450.1)

257900_at 1.91 AT3G28420 Contains domain PROKAR_LIPOPROTEIN (PS51257)

258003_at 1.81 AT3G29030 ATEXPA5 (ARABIDOPSIS THALIANA EXPANSIN A5)

255723_at 1.83 AT3G29575 Similar toTMAC2 (TWO OR MORE ABRES-CONTAINING GENE 2) [Arabidopsis thaliana] (TAIR:AT3G02140.1);

similar to unnamed protein product [Vitis vinifera] (GB:CAO49169.1); contains InterPro domain Protein of

unknown function DUF1675 (InterPro:IPR012463)

256940_at 3.17 AT3G30720 Unknown protein

252648_at 1.73 AT3G44630 Disease resistance protein RPP1-WsB-like (TIR-NBS-LRR class) putative

252414_at 2.34 AT3G47420 Glycerol-3-phosphate transporter putative/glycerol-3-phosphate permease putative

252063_at 1.99 AT3G51590 LTP12 (LIPID TRANSFER PROTEIN 12); lipid binding

246302_at 2.39 AT3G51860 CAX3 (cation exchanger 3); cation:cation antiporter

252035_at 1.74 AT3G52160 Beta-ketoacyl-CoA synthase family protein

251928_at 2.78 AT3G53980 Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein

251497_at 1.89 AT3G59060 PIL6 (PHYTOCHROME-INTERACTING FACTOR 5); DNA binding/transcription factor

251400_at 1.93 AT3G60420 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G60450.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO70569.1); contains InterPro domain Phosphoglycerate mutase (InterPro:IPR013078);

contains InterPro domain PRIB5 (InterPro:IPR012398)

251309_at 1.98 AT3G61220 Short-chain dehydrogenase/reductase (SDR) family protein

255575_at 2.00 AT4G01430 Nodulin MtN21 family protein

255302_at 2.34 AT4G04830 Methionine sulfoxide reductase domain-containing protein/SeIR domain-containing protein

254806_at 1.98 AT4G12430;

AT4G12432

[AT4G12430. trehalose-6-phosphate phosphatase. putative]; [AT4G12432. CPuORF26 (Conserved peptide

upstream open reading frame 26)]

254687_at 1.88 AT4G13770 CYP83A1 (CYTOCHROME P450 83A1); oxygen binding

245329_at 2.27 AT4G14365 Zinc finger (C3HC4-type RING finger) family protein/ankyrin repeat family protein

245306_at 2.15 AT4G14690 ELIP2 (EARLY LIGHT-INDUCIBLE PROTEIN 2); chlorophyll binding

245322_at 2.18 AT4G14815 Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein

245275_at 2.45 AT4G15210 ATBETA-AMY (BETA-AMYLASE); beta-amylase

245465_at 1.86 AT4G16590 ATCSLA01 (Cellulose synthase-like A1); glucosyltransferase/transferase transferring glycosyl groups

245346_at 1.75 AT4G17090 CT-BMY (BETA-AMYLASE 3. BETA-AMYLASE 8); beta-amylase

245389_at 1.87 AT4G17480 Palmitoyl protein thioesterase family protein

254574_at 1.77 AT4G19430 Unknown protein

254321_at 2.62 AT4G22590;

AT4G22592

[AT4G22590. trehalose-6-phosphate phosphatase. putative]; [AT4G22592. CPuORF27 (Conserved peptide

upstream open reading frame 27)]

254256_at 1.72 AT4G23180 CRK10 (CYSTEINE-RICH RLK10); kinase

254231_at 1.93 AT4G23810 WRKY53 (WRKY DNA-binding protein 53); DNA binding/protein binding/transcription activator/transcription

factor

253721_at 2.47 AT4G29250 Transferase family protein

253689_at 1.74 AT4G29770 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G29760.1)

253182_at 2.83 AT4G35190 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G37210.1); similar to unnamed protein prod-

uct [Vitis vinifera] (GB:CAO47480.1); contains InterPro domain Conserved hypothetical protein CHP00730

(InterPro:IPR005269)
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252870_at 1.97 AT4G39940 AKN2 (APS-KINASE 2); ATP binding/kinase/transferase transferring phosphorus-containing groups

251065_at 1.78 AT5G01870 Lipid transfer protein putative

250688_at 6.33 AT5G06510 CCAAT-binding transcription factor (CBF-B/NF-YA) family protein

250665_at 2.38 AT5G06980 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G12320.1)

250637_at 1.76 AT5G07530 GRP17 (Glycine-rich protein 17)

250610_at 3.03 AT5G07550 GRP19 (Glycine-rich protein 19)

250639_at 2.73 AT5G07560 GRP20 (Glycine-rich protein 20); nutrient reservoir

250435_at 2.18 AT5G10380 Zinc finger (C3HC4-type RING finger) family protein

250304_at 2.14 AT5G12110 Elongation factor 1B alpha-subunit 1 (eEF1Balpha1)

246418_at 2.02 AT5G16960 NADP-dependent oxidoreductase putative

250083_at 1.79 AT5G17220 ATGSTF12 (GLUTATHIONE S-TRANSFERASE 26); glutathione transferase

246437_at 1.95 AT5G17540 Transferase family protein

249918_at 2.34 AT5G19240 Identical to uncharacterized GPI-anchored protein At5g19240 precursor [Arabidopsis thaliana]

(GB:Q84VZ5;GB:Q8H7A4); similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G19230.1); similar to

unknown [Populus trichocarpa] (GB:ABK94712.1)

246071_at 1.77 AT5G20150 SPX (SYG1/Pho81/XPR1) domain-containing protein

246099_at 3.70 AT5G20230 ATBCB (ARABIDOPSIS BLUE-COPPER-BINDING PROTEIN); copper ion binding

249941_at 1.81 AT5G22270 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G06270.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO15841.1); similar to hypothetical protein [Vitis vinifera] (GB:CAN79170.1)

249754_at 2.05 AT5G24530 Oxidoreductase 2OG-Fe(II) oxygenase family protein

246967_at 1.95 AT5G24860 FPF1 (FLOWERING PROMOTING FACTOR 1)

249112_at 2.35 AT5G43780 APS4

248716_at 2.05 AT5G48210 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G42565.1)

248638_at 2.85 AT5G49070 Beta-ketoacyl-CoA synthase family protein

248375_at 1.85 AT5G51710 KEA5 (K+ efflux antiporter 5); potassium:hydrogen antiporter

248327_at 2.44 AT5G52750 Heavy-metal-associated domain-containing protein

248160_at 2.74 AT5G54470 Zinc finger (B-box type) family protein

248104_at 1.81 AT5G55250 IAMT1 (IAA CARBOXYLMETHYLTRANSFERASE 1); S-adenosylmethionine-dependent methyltransferase

248011_at 2.25 AT5G56300 GAMT2; S-adenosylmethionine-dependent methyltransferase/gibberellin carboxyl-O-methyltransferase

247718_at 3.69 AT5G59310 LTP4 (LIPID TRANSFER PROTEIN 4); lipid binding

247717_at 3.09 AT5G59320 LTP3 (LIPID TRANSFER PROTEIN 3); lipid binding

247657_at 1.96 AT5G59845 Gibberellin-regulated family protein

247639_s_at 1.92 AT5G60500;

AT5G60510

(AT5G60500. undecaprenyl pyrophosphate synthetase family protein/UPP synthetase family protein);

(AT5G60510. undecaprenyl pyrophosphate synthetase family protein/UPP synthetase family protein)

247426_at 2.12 AT5G62570 Calmodulin-binding protein

247447_at 1.98 AT5G62730 Proton-dependent oligopeptide transport (POT) family protein

247323_at 4.02 AT5G64170 Dentin sialophosphoprotein-related

247224_at 2.00 AT5G65080 AGL68/MAF5 (MADS AFFECTING FLOWERING 5)

245537_at 3.57 No_match No_match

together, these phenotypes indicated that PAN might act to stabi-
lize the developmental program of the shoot apex and thus buffers
the impact of diverse environmental inputs.

Since the activity of the SAM is mainly determined by the
WUS–CLV feedback system, which acts on the stem cell pop-
ulation, as well as the repression of differentiation throughout
the meristem provided by STM, we investigated their regulatory
and genetic interaction with PAN. Using in situ hybridization on
serial histological sections, we first analyzed in detail the mRNA-
expression patterns of PAN in the inflorescence meristem and
found that, consistent with a buffering function, PAN mRNA is

most highly expressed in a ring-shaped domain surrounding the
stem cells (Figures 2A–D). We detected weaker signals through-
out the center of the SAM, suggesting that PAN might execute
slightly different functions depending on expression levels. Simi-
lar to the situation identified for WUS, which was shown to bind to
distinct cis-regulatory motifs with different affinity (Busch et al.,
2010), these functions could be mediated by distinct sets of PAN
downstream targets. However, in situ detection of PAN protein on
sections of the SAM did not show the ring domain, but rather sug-
gested that PAN is found throughout the meristem (Chuang et al.,
1999). Unfortunately, we were unable to resolve whether these
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259445_at 0.54 AT1G02400 ATGA2OX6/DTA1 (GIBBERELLIN 2-OXIDASE 6); gibberellin 2-beta-dioxygenase

261410_at 0.45 AT1G07610 MT1C (metallothionein 1C)

264521_at 0.43 AT1G10020 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G29310.1); similar to unnamed protein prod-

uct [Vitis vinifera] (GB:CAO61535.1); contains InterPro domain Protein of unknown function DUF1005

(InterPro:IPR010410)

263236_at 0.53 AT1G10470 ARR4 (RESPONSE REGULATOR 4); transcription regulator/two-component response regulator

256098_at 0.50 AT1G13700 Glucosamine/galactosamine-6-phosphate isomerase family protein

259466_at 0.44 AT1G19050 ARR7 (RESPONSE REGULATOR 7); transcription regulator/two-component response regulator

260662_at 0.49 AT1G19540 Isoflavone reductase. putative

260856_at 0.46 AT1G21910 AP2 domain-containing transcription factor family protein

261926_at 0.57 AT1G22530 PATL2; transporter

264774_at 0.42 AT1G22890 Unknown protein

264901_at 0.51 AT1G23090 AST91 (SULFATE TRANSPORTER 91); sulfate transmembrane transporter

264857_at 0.49 AT1G24170 GATL8/LGT9 (Galacturonosyltransferase-like 8); polygalacturonate 4-alpha-galacturonosyltransferase/

transferase. transferring glycosyl groups/transferase. transferring hexosyl groups

255742_at 0.42 AT1G25560 AP2 domain-containing transcription factor. putative

265158_at 0.58 AT1G31040 Zinc ion binding

261193_at 0.51 AT1G32920 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G32928.1)

262010_at 0.51 AT1G35612 Transposable element gene

260754_at 0.56 AT1G49000 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G18560.1); similar to hypothetical protein [Vitis

vinifera] (GB:CAN78728.1); similar to unnamed protein product [Vitis vinifera] (GB:CAO68009.1)

262399_at 0.34 AT1G49500 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G19030.1)

262154_at 0.47 AT1G52700 Phospholipase/carboxylesterase family protein

262226_at 0.57 AT1G53885;

AT1G53903

[AT1G53885. senescence-associated protein-related]; [AT1G53903. similar to senescence-associated protein-

related [Arabidopsis thaliana] (TAIR:AT1G53885.1); similar to Protein of unknown function DUF581 [Med-

icago truncatula] (GB:ABO84791.1); contains InterPro domain Protein of unknown function DUF581 (Inter-

Pro:IPR007650)]

263005_at 0.44 AT1G54540 Similar to harpin-induced protein-related/HIN1-related/harpin-responsive protein-related [Arabidopsis thaliana]

(TAIR:AT1G65690.1); similar to unnamed protein product [Vitis vinifera] (GB:CAO62044.1); contains InterPro

domain Harpin-induced 1 (InterPro:IPR010847)

256021_at 0.54 AT1G58270 ZW9

260431_at 0.53 AT1G68190 Zinc finger (B-box type) family protein

262232_at 0.53 AT1G68600 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G25480.1); similar to unknown protein [Arabidopsis

thaliana] (TAIR:AT2G17470.1); similar to unnamed protein product [Vitis vinifera] (GB:CAO42118.1); contains

InterPro domain Protein of unknown function UPF0005 (InterPro:IPR006214)

262278_at 0.03 AT1G68640 PAN (PERIANTHIA); DNA binding/transcription factor

264704_at 0.49 AT1G70090 GATL9/LGT8 (Galacturonosyltransferase-like 9); polygalacturonate 4-alpha-galacturonosyltransferase/

transferase. transferring glycosyl groups/transferase. transferring hexosyl groups

259751_at 0.25 AT1G71030 ATMYBL2 (Arabidopsis myb-like 2); DNA binding/transcription factor

260427_at 0.47 AT1G72430 Auxin-responsive protein-related

245777_at 0.50 AT1G73540 ATNUDT21 (Arabidopsis thaliana Nudix hydrolase homolog 21); hydrolase

262212_at 0.32 AT1G74890 ARR15 (RESPONSE REGULATOR 15); transcription regulator

261109_at 0.36 AT1G75450 CKX5 (CYTOKININ OXIDASE 5); cytokinin dehydrogenase

259979_at 0.56 AT1G76600 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G21010.1); similar to hypothetical protein [Vitis

vinifera] (GB:CAN67638.1)

264299_s_at 0.41 AT1G78850;

AT1G78860

[AT1G78850. curculin-like (mannose-binding) lectin family protein];[AT1G78860. curculin-like (mannose-

binding) lectin family protein]

262049_at 0.58 AT1G80180 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G15400.2); similar to unknown protein [Arabidopsis

thaliana] (TAIR:AT1G15400.3); similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G15400.1); similar

to hypothetical protein MtrDRAFT_AC148340g12v2 [Medicago truncatula] (GB:ABD28396.1)

(Continued)
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260287_at 0.39 AT1G80440 Kelch repeat-containing F-box family protein

263046_at 0.33 AT2G05380 GRP3S (GLYCINE-RICH PROTEIN 3 SHORT ISOFORM)

265511_at 0.16 AT2G05540 Glycine-rich protein

265475_at 0.51 AT2G15620 NIR1 (NITRITE REDUCTASE); ferredoxin-nitrate reductase

265481_at 0.54 AT2G15960 Unknown protein

265821_at 0.54 AT2G17950 WUS (WUSCHEL); DNA binding/transcription factor

267265_at 0.51 AT2G22980 SCPL13; serine carboxypeptidase

245084_at 0.39 AT2G23290 AtMYB70 (myb domain protein 70); DNA binding/transcription factor

266259_at 0.50 AT2G27830 Similar to pentatricopeptide (PPR) repeat-containing protein [Arabidopsis thaliana] (TAIR:AT4G22760.1); similar

to hypothetical protein [Catharanthus roseus] (GB:CAC09928.1)

267497_at 0.40 AT2G30540 Glutaredoxin family protein

267209_at 0.34 AT2G30930 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G06540.1)

267461_at 0.23 AT2G33830 Dormancy/auxin associated family protein

267459_at 0.50 AT2G33850 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G28400.1); similar to unknown [Brassica napus]

(GB:AAC06020.1)

267093_at 0.50 AT2G38170 CAX1 (CATION EXCHANGER 1); calcium ion transmembrane transporter/calcium:hydrogen antiporter

267034_at 0.57 AT2G38310 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G05440.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO48777.1); contains InterPro domain Bet v I allergen; (InterPro:IPR000916); contains

InterPro domain Streptomyces cyclase/dehydrase (InterPro:IPR005031)

267013_at 0.56 AT2G39180 Protein kinase family protein

267623_at 0.55 AT2G39650 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G14620.1); similar to unnamed protein prod-

uct [Vitis vinifera] (GB:CAO69213.1); contains InterPro domain Protein of unknown function DUF506. plant

(InterPro:IPR006502)

267357_at 0.57 AT2G40000 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G55840.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO41329.1); contains InterPro domain Hs1pro-1. C-terminal (InterPro:IPR009743); contains

InterPro domain Hs1pro-1. N-terminal (InterPro:IPR009869)

266078_at 0.51 AT2G40670 ARR16 (response regulator 16); transcription regulator/two-component response regulator

257348_at 0.55 AT2G42140 VQ motif-containing protein

265265_at 0.56 AT2G42900 Similar to unnamed protein product [Vitis vinifera] (GB:CAO70018.1); contains InterPro domain Plant Basic

Secretory Protein (InterPro:IPR007541)

265263_at 0.56 AT2G42940 DNA-binding family protein

266814_at 0.38 AT2G44910 Homeobox-leucine zipper protein 4 (HB-4)/HD-ZIP protein 4

258704_at 0.47 AT3G09780 Protein kinase family protein

256283_at 0.52 AT3G12540 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G39690.1); similar to At3g12540-like protein

[Boechera stricta] (GB:ABB89771.1); contains InterPro domain Protein of unknown function DUF547 (Inter-

Pro:IPR006869)

258252_at 0.52 AT3G15720 Glycoside hydrolase family 28 protein/polygalacturonase (pectinase) family protein

257076_at 0.40 AT3G19680 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G50040.1); similar to unnamed protein prod-

uct [Vitis vinifera] (GB:CAO61535.1); contains InterPro domain Protein of unknown function DUF1005

(InterPro:IPR010410)

257939_at 0.37 AT3G19930 STP4 (SUGAR TRANSPORTER 4); carbohydrate transmembrane transporter/sugar:hydrogen ion symporter

257985_at 0.57 AT3G20810 Transcription factor jumonji (jmjC) domain-containing protein

257254_at 0.53 AT3G21950 S-adenosyl-l-methionine:carboxyl methyltransferase family protein

256766_at 0.45 AT3G22231 PCC1 (PATHOGEN AND CIRCADIAN CONTROLLED 1)

256617_at 0.55 AT3G22240 Unknown protein

258447_at 0.54 AT3G22450 Structural constituent of ribosome

258125_s_at 0.57 AT3G23530;

AT3G23510

[AT3G23530. cyclopropane fatty acid synthase. putative/CPA-FA synthase. putative];[AT3G23510. cyclo-

propane fatty acid synthase. putative/CPA-FA synthase. putative]

252679_at 0.55 AT3G44260 CCR4-NOT transcription complex protein. putative

252374_at 0.55 AT3G48100 ARR5 (ARABIDOPSIS RESPONSE REGULATOR 5); transcription regulator/two-component response regulator

(Continued)
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252193_at 0.48 AT3G50060 MYB77; DNA binding/transcription factor

251992_at 0.54 AT3G53350 Myosin heavy chain-related

251791_at 0.25 AT3G55500 ATEXPA16 (ARABIDOPSIS THALIANA EXPANSIN A16)

251745_at 0.57 AT3G55980 Zinc finger (CCCH-type) family protein

251723_at 0.53 AT3G56230 Speckle-type POZ protein-related

251704_at 0.56 AT3G56360 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G05250.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO41488.1)

251575_at 0.55 AT3G58120 bZIP transcription factor family protein

255255_at 0.56 AT4G05070 Unknown protein

255064_at 0.32 AT4G08950 Phosphate-responsive protein. putative (EXO)

254926_at 0.53 AT4G11280 ACS6 (1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID (ACC) SYNTHASE 6)

254751_at 0.47 AT4G13150 Unknown protein

248692_s_at 0.53 AT4G15070;

AT5G48320

[AT4G15070. DC1 domain-containing protein];[AT5G48320. DC1 domain-containing protein]

245441_at 0.55 AT4G16700 PSD1 (PHOSPHATIDYLSERINE DECARBOXYLASE 1); phosphatidylserine decarboxylase

254665_at 0.52 AT4G18340 Glycosyl hydrolase family 17 protein

254098_at 0.55 AT4G25100 FSD1 (FE SUPEROXIDE DISMUTASE 1); iron superoxide dismutase

254057_at 0.53 AT4G25170 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G61490.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO60860.1); contains InterPro domain uncharacterized conserved protein UCP012943

(InterPro:IPR016606)

253915_at 0.17 AT4G27280 Calcium-binding EF hand family protein

253666_at 0.35 AT4G30270 MERI5B (MERISTEM-5); hydrolase. acting on glycosyl bonds/xyloglucan:xyloglucosyl transferase

253421_at 0.56 AT4G32340 Binding

253439_at 0.50 AT4G32540 YUC (YUCCA); FAD binding/NADP binding/flavin-containing monooxygenase/monooxygenase/oxidoreductase

253317_at 0.53 AT4G33960 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G15830.1)

253161_at 0.50 AT4G35770 SEN1 (DARK INDUCIBLE 1)

253125_at 0.54 AT4G36040 DNAJ heat shock N-terminal domain-containing protein (J11)

246200_at 0.44 AT4G37240 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G23690.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO45438.1); similar to hypothetical protein [Vitis vinifera] (GB:CAN61825.1)

246253_at 0.28 AT4G37260 AtMYB73/MYB73 (myb domain protein 73); DNA binding/transcription factor

253061_at 0.47 AT4G37610 BT5 (BTB and TAZ domain protein 5); protein binding/transcription regulator

252997_at 0.48 AT4G38400 ATEXLA2 (ARABIDOPSIS THALIANA EXPANSIN-LIKE A2)

251013_at 0.52 AT5G02540 Short-chain dehydrogenase/reductase (SDR) family protein

250777_at 0.42 AT5G05440 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G38310.1); similar to unnamed protein product

[Vitis vinifera] (GB:CAO48777.1); contains InterPro domain Bet v I allergen; (InterPro:IPR000916); contains

InterPro domain Streptomyces cyclase/dehydrase (InterPro:IPR005031)

250389_at 0.51 AT5G11320 YUC4 (YUCCA4); monooxygenase

250344_at 0.29 AT5G11930 Glutaredoxin family protein

246520_at 0.06 AT5G15790 Zinc finger (C3HC4-type RING finger) family protein

246531_at 0.40 AT5G15800 SEP1 (SEPALLATA1); DNA binding/transcription factor

249996_at 0.36 AT5G18600 Glutaredoxin family protein

246700_at 0.54 AT5G28030 Cysteine synthase. putative/O-acetylserine (thiol)-lyase. putative/O-acetylserine sulfhydrylase. putative

249645_at 0.39 AT5G36910 THI2.2 (THIONIN 2.2); toxin receptor binding

256356_s_at 0.58 AT5G43620;

AT1G66500

[AT5G43620. S-locus protein-related];[AT1G66500. zinc finger (C2H2-type) family protein]

248865_at 0.57 AT5G46790 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G17870.1); similar to Streptomyces

cyclase/dehydrase family protein [Brassica oleracea] (GB:ABD65631.1); contains InterPro domain Strepto-

myces cyclase/dehydrase (InterPro:IPR005031)

248163_at 0.49 AT5G54510 DFL1/GH3.6 (DWARF IN LIGHT 1); indole-3-acetic acid amido synthetase

248020_at 0.46 AT5G56490 FAD-binding domain-containing protein

247956_at 0.47 AT5G56970 CKX3 (CYTOKININ OXIDASE 3); cytokinin dehydrogenase

(Continued)
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Table 2 | Continued

Array

element

Fold

change

Locus

identifier

Annotation

247925_at 0.13 AT5G57560 TCH4 (TOUCH 4); hydrolase. acting on glycosyl bonds/xyloglucan:xyloglucosyl transferase

247649_at 0.48 AT5G60030 Similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G75335.1); similar to hypothetical protein [Vitis

vinifera] (GB:CAN66187.1)

247668_at 0.53 AT5G60100 APRR3 (PSEUDO-RESPONSE REGULATOR 3); transcription regulator

247540_at 0.17 AT5G61590 AP2 domain-containing transcription factor family protein

247543_at 0.21 AT5G61600 Ethylene-responsive element-binding family protein

247406_at 0.58 AT5G62920 ARR6 (RESPONSE REGULATOR 6); transcription regulator/two-component response regulator

246987_at 0.21 AT5G67300 ATMYB44/ATMYBR1/MYBR1 (MYB DOMAIN PROTEIN 44); DNA binding/transcription factor

244994_at 0.53 ATCG01010 Chloroplast encoded NADH dehydrogenase unit.

differences were of technical nature, or reflected relevant biology.
Hybridizations on cross sections demonstrated that PAN mRNA
is strongly reduced even in early organ primordia (Figures 2E–H).
We next investigated how the SAM regulatory system is affected
by the loss-of PAN function. First, we noticed that the SAM was
significantly increased in size (Figures 2I,M) and that the WUS
expression domain is substantially wider compared to the wild-
type situation (Figures 2J,N). Interestingly, the stem cell domain
marked by CLV3 expression remained largely unaffected despite
the expanded stem cell niche (Figures 2K,O), suggesting that
the regulatory interaction between WUS and CLV3 is partially
uncoupled in pan mutants. In line with the enlarged meristem, we
found expanded STM expression in pan apices (Figures 2L,P) and
the absence of STM transcripts from emerging organ primordia
was less pronounced in pan when compared to wild-type. Taken
together, these results demonstrate that PAN function is required
for normal SAM development, which might be mediated by its
effects on the expression of the canonical meristem regulators.
To address how PAN is integrated into the regulatory network
of the SAM, we analyzed its expression in wus and clv3 mutants,
which represent the extremes in meristem dis-regulation. Since
wus mutants rarely form inflorescence meristems, we focused
our analysis on the seedling stage and found accumulation of
PAN mRNA mostly in the center of the SAM in wild-type. In
addition, we detected weaker signals on the periphery of the
meristem and at the adaxial sides of young leaves (Figure 2Q).
Consistent with the loss-of a fully developed SAM in wus, we
were unable to detect PAN transcripts in central tissue of this
mutant, however, strong expression was found in leaf-primordia
and young leaves (Figure 2R). While Chuang et al. (1999) had
reported that PAN protein expression is mostly independent of
CLV3, we observed that PAN transcripts accumulated through-
out the SAM, with a ring of strong expression toward the base
with weaker signals toward the top of the expanded clv3 meristem
(Figures 2S,T).

Having shown that PAN is more tightly connected to the
regulatory system of the SAM than previously anticipated, we
extended our analysis to test the functional interaction of PAN
with CLV3, WUS, and STM using genetics. Plants that carry muta-
tions in CLV3 are characterized by an enlarged SAM, an increase
in the number of lateral organs developing from the SAM and
over-proliferation of floral meristems. When we combined the
clv3–7 loss-of-function allele with pan, we observed a substantial

enhancement of the clv3 phenotype (Figure 3A). Compared to clv3
single mutants, SAMs of pan clv3 double mutants were even fur-
ther enlarged (arrowheads in Figures 3C,D) and developed even
more lateral organs (Figures 3C,D). Consistent with an enhance-
ment of meristem phenotypes by the pan mutation, we observed a
drastic reduction SAM function when we combined wus and pan
(Figure 3F). In contrast to wus mutants, which develop a bushy
stature because of the stop and go phenotype of the meristem
(Laux et al., 1996), stem cell activity in wus pan double mutants
ceased after the formation of leaves and elongated shoots were
never formed. Since CLV3 and WUS act in the same pathway and
both showed synergistic genetic interactions with PAN, we next
wondered how PAN would interact with STM, whose activity is
independent of the WUS–CLV system. To our surprise we found
that the stm phenotype was partially suppressed in pan stm double
mutants, which developed a substantially larger number of lateral
organs and shoots compared to stm plants (Figure 3G). In some
cases we even observed flowers with a regular arrangement of flo-
ral organs, however these flowers remained sterile. Thus, while in
the case of WUS and CLV3 PAN behaved as a molecular buffer,
which is able to stabilize SAM function in the absence of other
meristem regulators, this function was not observed when pan
was combined with stm, suggesting that they have antagonistic
activities.

To elucidate some of the mechanisms that could underlie these
complex meristematic functions of PAN, we recorded the mol-
ecular phenotype of pan single mutants by transcript profiling.
Wild-type and pan mutants were grown in LD for 25 days before
we sampled two independent pools of 50 inflorescence meristems
of each genotype by removing developing flowers older than stage
8. After Affymetrix Ath1 profiling we applied GC-RMA to normal-
ize the data and derive expression values (Wu et al., 2004) followed
by Rank Products to identify differentially expressed genes at a
false discovery rate of 0.05 (Breitling et al., 2004). One hundred
sixty transcripts showed increased abundance (Table 1), while
120 mRNAs were found to be significantly reduced in inflores-
cence apices of pan mutants compared to wild-type (Table 2). To
obtain a first insight into the potential function of PAN down-
stream genes we used Gene Ontology (GO) analysis on the level
of the annotation of biological function, as well as using molec-
ular function as a readout. Interestingly, we found the “response
to stimulus” category as highly enriched among the genes with
increased as well as reduced expression. Among the increased
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FIGURE 5 | Genetic interaction of PAN with GI. Plants grown for 25 day
under LD are shown.

mRNAs we found diverse functional sub-categories indicating that
PAN plays a role in stress and environmental response (Figure 4).
A prominent example was GIGANTEA (GI ), whose expression
is controlled by the circadian clock and whose activity is nec-
essary for normal clock function and promotion of flowering
under LD (Fowler et al., 1999; Park et al., 1999). To test if GI
plays a relevant role as PAN downstream gene, we created pan
gi double mutants and compared them to the respective parental
genotypes. Strikingly, we found that loss-of PAN function was
able to fully suppress the late flowering phenotype of gi mutants
in LD (Figure 5), demonstrating that GI and PAN act in the same
pathway.

In contrast to the rather diverse GO categories observed in
the list of genes with increased expression, the reduced tran-
scripts revealed a much more specific developmental signature.
Among them we identified a substantial overrepresentation of
genes with annotated functions in hormone signaling, specifically
for gibberellin, ethylene, auxin and, most prominently, cytokinin
response (Figure 6). This developmental signature was also appar-
ent in the GO analysis for molecular functions with “transcription
regulator activity” and “two-component response regulator activ-
ity”as the most overrepresented annotation terms (Figure 7). Two-
component response regulators build the backbone of cytokinin
signal transduction and response, with B-type ARRs acting as
cytokinin dependent transcription factors directly upstream of A-
type ARRs as immediate early cytokinin response genes with roles
in negative feedback regulation (Werner and Schmülling, 2009).
Strikingly, only the expression of A-type ARRs was affected in pan
mutants and ARR4, ARR5, ARR6, ARR7, ARR15, and ARR16, were
among the transcripts with significantly reduced abundance, a
result which we independently confirmed using quantitative real-
time RT-PCR (data not shown). In addition to cytokinin response
genes, we identified two cytokinin oxidases, CKX3 and CKX5, as
genes with reduced expression. Since CKX proteins irreversibly
degrade cytokinin (Mok and Mok, 2001; Werner et al., 2003) and
because A-type ARRs counteract cytokinin signaling (To et al.,
2004), a reduction of their expression in pan mutants suggests that
PAN acts to limit cytokinin activity in the SAM. This interpreta-
tion is consistent with the finding that SAM size is increased in
pan mutants reminiscent of plants with increased cytokinin levels
(Bartrina et al., 2011). In addition, we had previously identified
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FIGURE 7 | Gene Ontology analysis for molecular function for genes

with reduced expression in pan mutant inflorescence apices.

Significantly enriched GO categories are shown in yellow, orange, and red.

ARR5, ARR6, ARR7, and ARR15 as direct transcriptional targets of
WUS, connecting these cytokinin response genes to the core regu-
latory system of the SAM. While from the list of genes with reduced
expression an antagonistic interaction of PAN and cytokinin could
be deduced, it also suggested that PAN acts to stimulate auxin
signaling, since it contained YUCCA1 and YUCCA4, two genes
coding for important auxin biosynthesis enzymes (Zhao et al.,
2001). Since auxin directly represses transcription of ARR7 and
ARR15 via the Auxin Response Factor MONOPTEROS (Zhao
et al., 2010) in the SAM, PAN could act on the expression of
A-type ARRs in multiple independent pathways. Strikingly, WUS
was identified among the transcriptional regulators with reduced
expression, confirming that PAN is intimately connected to the
SAM regulatory network.

Having identified cytokinin and auxin signaling as major
downstream effector pathways of PAN we next addressed the
functional relevance of these regulatory interactions using genet-
ics. We focused our analysis on ARR7 and ARR15, since both
of them were shown to have important meristematic functions
(Leibfried et al., 2005; Zhao et al., 2010), and combined these
mutants (Figures 8D,E) with pan (Figure 8B) and clv3 (Figure 8C)
in double and triple mutant combinations. While single A-type
arr mutants have no phenotypes or very mild ones (Figures 8D,E;
To et al., 2004), combination of arr7 and arr15 with pan lead
to severe growth retardation (Figures 8G,H). Interestingly, while
removing CLV3 function in the pan background lead to massive
over-proliferation and meristem expansion beyond the regular
clv3 defect (Figures 3B–E), this phenotype was completely sup-
pressed in the pan clv3 arr7 combination (Figures 8F–I). However,
the growth retardation was only transient and pan arr15 as well as
pan arr15 clv3 plants recovered after about 2 weeks and devel-
oped plants with pentameric flowers, which closely resembled
pan clv3 mutants. This capacity to overcome A-type ARR related
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FIGURE 8 | Genetic interaction of PAN with Cytokinin Signaling

Components ARR7, ARR15, and CLV3. Ten-days-old soil grown
seedlings of wild-type (A) and pan (B), clv3 (C), arr15 (D), arr7 (E)

pan clv3–7 (F), pan arr7 (G), pan arr15 (H), pan arr15 clv3 (I), and arr7 arr15
(J) mutant plants. All plants were grown under LD and representative
seedlings are shown.

developmental defects was also observed in plants carrying an
over-activated form of ARR7 (Leibfried et al., 2005) and suggest
that the cytokinin signaling system has a strong ability to adapt to
perturbations. Mutation of multiple A-type ARRs, such as in an
arr7 arr15 double mutant did not cause the phenotypes observed
in the pan arr combinations (Figure 8J) underlining the impor-
tant role of PAN in the SAM. Having observed a strong genetic
interaction of PAN with components of the cytokinin response,
we next tested its ability to modify auxin related defects. To this
end we analyzed the interaction of PAN with PINFORMED-1
(PIN1), the major auxin efflux carrier responsible for generating
local auxin maxima at the periphery of the SAM and thus organ
initiation during shoot development (Gälweiler et al., 1998; Rein-
hardt et al., 2000). While pin1 mutants rarely developed flowers
under our growth conditions (Figures 9A,C), pin1 pan double
mutants exhibited a significantly increased number of flowers
(Figures 9B,C), which were deformed and generally sterile. Again,
as in the case of cytokinin signaling, these results demonstrated
that PAN is able to modulate auxin dependent developmental
functions, in line with the hypothesis that PAN might act as a
multifunctional hub for diverse meristematic functions.

SUMMARY AND OUTLOOK
Taken together, we have shown here by molecular phenotyping and
genetics that PAN is connected to a plethora of diverse input path-
ways and may act as an integrator to buffer shoot meristem activity.
PAN inputs include pathways for environmental sensing, such as
day-length and other abiotic factors, as well as hard-wired devel-
opmental circuitries, such as the WUS–CLV system. Strikingly,
the same holds true for the PAN output network, which we found
to include components of the circadian clock and stress response
as examples for modulating environmental interactions. Further-
more, PAN downstream genes showed a strong developmental
signature, which was most apparently represented by a number

of plant hormone signaling systems. Based on our results we
suggest that PAN might act as a node between cytokinin and
auxin signaling pathways, with cytokinin outputs being repressed
and auxin activity being induced by PAN. PAN is a member of the
D-class of bZIP transcription factors (Jakoby et al., 2002) and thus
groups with the TGA regulators, which are involved in mediating
pathogen defense (Zander et al., 2010). The sequence similarity
of PAN and TGA pathogen response regulators suggests that PAN
function might have evolved from an environmental surveillance
activity, which was enhanced to include developmental roles to
give rise to an integrated buffering system.

MATERIALS AND METHODS
PLANT MATERIAL
Arabidopsis thaliana plants of the Columbia (Col-0) background
were grown on soil at 23˚C. Analyses were performed after growth
under three different light conditions: CL, LD (16 h of light), or SD
(8 h light) for 10 days for seedlings and 25 days for vegetative and
reproductive tissues if not noted otherwise. The following mutant
alleles used: arr7 (At1G19050): WiscDsLox485–488B15; arr15
(At1G74890): WiscDSLox334D02; clv3 (At2G27250): clv3–7 ; pan
(AT1G68640): Salk N557190; wus (At2G17950): wus-4 in Colum-
bia background (wus-mh; Leibfried et al., 2005); stm (At1G62360):
GABI-Kat line 100F11; pin1 (At1G73590): GABI-Kat line 051A10;
gi (At1G22770): gi-201. Phenotypic characterizations were carried
out by growing mutants and controls at least three times indepen-
dently and analyzing a total of at least 30 individuals for each
genotype. Representative plants are shown.

IN SITU HYBRIDIZATIONS
Plant material was fixed and embedded using a Leica ASP300 and
hybridized following standard protocols (Weigel and Glazebrook,
2002) adding 10% polyvinylalcohol (PVA) to the staining solution.
Digoxigenin-labeled full-length RNA riboprobes were synthesized
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FIGURE 9 | Genetic interaction of PAN with PIN1. Primary shoot of pin1
mutant (A) and pan pin1 double mutant (B) and whole plant comparison (C)

of pin1 (left) and pan pin1 (right) showing increased development of floral
buds on the primary shoot of the pan pin1 double mutant.

for CLV3 (At2G27250), PAN (AT1G68640), STM (At1G62360),
and WUS (At2G17950) as described in Geier et al. (2008) and
Maier et al. (2009) according to the manufacturer instruction
(Roche).

MICROARRAY EXPERIMENTS
Pools of 50 microscopically dissected inflorescence apices of pan
mutants and wild-type both carrying the KB14 AG::GUS reporter
gene (Busch et al., 1999; Lohmann et al., 2001) were grown for
25 days in LD conditions and profiled in duplicate using the
Affymetrix ATH1 platform. RNA extraction and microarray analy-
ses were performed as described (Schmid et al., 2005; Buechel
et al., 2010). Expression estimates were derived by GC-RMA (Wu
et al., 2004) at standard settings implemented in R. We determined
significant changes on a per-gene level by applying the Rank prod-
ucts algorithm (Breitling et al., 2004) using 100 permutations and
a false discovery rate cut-off of 5%. GO analysis was carried out
using AgriGO (Du et al., 2010).

QUANTITATIVE REAL-TIME PCR
Total RNA was extracted from apices of plants grown in an inde-
pendent experiment using RNeasy Mini columns with on-column
DNAse digestion (Qiagen). Reverse transcription was performed
with 1 μg of total RNA, using a Reverse Transcription Kit (Fer-
mentas). PCR amplification was carried out in the presence of the
double-strand DNA-specific dye SYBR Green (Molecular Probes)
using intron spanning primers (Andersen et al., 2008). Amplifica-
tion was monitored in real-time with the Opticon Continuous Flu-
orescence Detection System (MJR). BETA-TUBULIN-2 transcript
levels served to normalize mRNA measurements.
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Gene and genome duplications provide a playground for various selective pressures and
contribute significantly to genome complexity. It is assumed that the genomes of all major
eukaryotic lineages possess duplicated regions that result from gene and genome dupli-
cation. There is evidence that the model plant Arabidopsis has been subjected to at least
three whole-genome duplication events over the last 150–200 million years. As a result,
many cellular processes are governed by redundantly acting gene families. Plants pass
through two distinct life phases with a haploid gametophytic alternating with a diploid
sporophytic generation. This ontogenetic difference in gene copy number has important
implications for the outcome of deleterious mutations, which are masked by the second
gene copy in diploid systems but expressed in a dominant fashion in haploid organisms. As
a consequence, maintaining the activity of duplicated genes might be particularly advan-
tageous during the haploid gametophytic generation. Here, we describe the distinctive
features associated with the alteration of generations and discuss how activity profiles of
duplicated genes might get modulated in a life phase dependent fashion.

Keywords: gene duplication, flowering plants, alternation of generations, haploid, diploid

INTRODUCTION
The genome represents the construction plan for all living organ-
isms and has been subject to many different mutations over
evolutionary time. In the last couple of decades, reverse genetic
approaches have revealed that the majority of single loss-of-
function mutants do not lead to apparent developmental defects
(Thomas, 1993; Gu et al., 2003; Briggs et al., 2006). The tolera-
tion of genomic changes appears to be largely due to considerable
genetic redundancy, which is predominantly but not exclusively,
the result of gene and genome duplications (Ohno, 1970; Gu et al.,
2003; Wagner, 2008). In 1970, Ohno proposed that whole-genome
duplications occurred in the early history of all vertebrates. It now
seems probable that all major lineages of eukaryotic genomes pos-
sess duplicated regions that may have resulted from genome dupli-
cations (Ohno, 1970; Lynch et al., 2001). According to their extent,
the duplications have been categorized into small-scale duplica-
tions, which include local, tandem, and segmental duplications,
and large-scale duplications of the entire genome, which result
in a transient or stable increase in ploidy levels (Levasseur and
Pontarotti, 2011) and a concomitant change in the expression of
ploidy-sensitive genes (Guo et al.,1996; Galitski et al., 1999). Large-
scale duplications occurred more often in plants than in animals
(Li, 1997) and are especially widespread in angiosperms (Steb-
bins, 1950; Grant, 1981; Soltis and Soltis, 1999; Leitch and Leitch,
2008). It is estimated that 50–80% of angiosperms, including crop
plants such as alfalfa, potato, wheat, and coffee, are polyploids
(Wendel, 2000), and this polyploidy dates back to ancient dupli-
cation events (Grant, 1963; Masterson, 1994; Otto and Whitton,
2000). The analysis of the Arabidopsis bacterial artificial chromo-
somes (BACs) indicates that almost 60% of the genome consists of
duplicated regions (Blanc et al., 2000), suggesting that Arabidopsis
is an ancient polyploid. Synteny-based analysis of the Arabidopsis

genome has provided evidence for at least three whole-genome
duplications (Vision et al., 2000; Simillion et al., 2002; Bowers
et al., 2003), and most genes in Arabidopsis appear to have dupli-
cated approximately 65 million years ago (Lynch and Force, 2000).
One obvious advantage of gene and genome duplications is the
supply of raw genetic material, which provides a playground for
various selective pressures. Classic evolutionary theory predicts
that the typical fate of any gene duplicate is loss because duplicated
genes should have redundant function immediately after forma-
tion, and full redundancy is considered to be genetically unstable
(Thomas, 1993; Briggs et al., 2006; Hardtke, 2006). The duplicate
can accumulate deleterious mutations and gradually develop into
a pseudogene, a process termed non-functionalization (Haldane,
1933; Ohno, 1970; Tautz, 1992; Wagner, 1998; Lynch and Force,
2000), and expression analysis of polyploid plants has revealed
that some duplicated loci become silenced after polyploidization
(Pichersky et al., 1990; Ford and Gottlieb, 2002). Over evolution-
ary time, pseudogenes are either deleted or become so diverged
from the ancestral gene that they are no longer identifiable (Walsh,
1995; Lynch and Conery, 2000; Lynch et al., 2001). A less likely
scenario is for both copies to be stably maintained in the genome,
which is possible if both copies differ in some aspects of their
functions (Nowak et al., 1997). In a process termed subfunction-
alization, one gene copy adopts partial aspects of the original
function (Jensen, 1976; Orgel, 1977). This can be realized, for
example, through evolution of temporally and spatially diverse
expression patterns (Force et al., 1999). Duplicated genes can also
evolve a different function, whereby one copy acquires advan-
tageous mutations which become subject to selection, leading
to the establishment of a novel function. This neofunctionaliza-
tion represents the only mechanism by which the members can
permanently escape mutational decay (Lynch and Force, 2000).
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FLOWERING PLANTS ALTERNATE BETWEEN GENERATIONS
OF DIFFERENT PLOIDY
Sexually reproducing organisms pass through two distinct life
phases. Meiosis results in the formation of haploid gametes,
which fuse to produce a diploid life form. In plants, the hap-
loid phase comprises a few to many cells, called gametophytes.
The gametophyte is the dominant generation in mosses. By con-
trast, in flowering plants, the gametophyte is reduced to only a few
cells, which might reflect an evolutionary trend (D’Amato, 1977).
Thus, flowering plants are not only subject to phylogenetic ploidy
changes but also encounter ploidy changes on an ontogenetic level.
Diploid organisms have one copy more of each chromosome than
haploid organisms and theoretical considerations have suggested
various implications associated with the respective genomic set-
tings (Mable and Otto, 1998). One obvious advantage of a diploid
organism over a haploid is that recessive deleterious mutations
are masked. As a side effect, deleterious mutations can accumu-
late in the gene pool of diploid organisms, which can negatively
influence the quality of the gene pool. However, mutations also
increase genomic variability and can lead to the evolution of novel
gene functions. By contrast, haploid genomes have by definition
a lower redundancy level. As a consequence, deleterious muta-
tions are dominantly expressed and hence not tolerated. As in
haploid gametophytes, early embryo development can rely on
a single gene copy in those cases, where one parental allele is
silenced, a process referred to as imprinting. In the respective
developmental stages mutations of essential gene functions are
similarly dominant as in haploid organisms (Grossniklaus et al.,
1998; Luo et al., 1999; Ohad et al., 1999), unless the intact allele is
reactivated upon loss of the other. Recently, substantial new collec-
tions of imprinted genes have been identified (Autran et al., 2011;
Hsieh et al., 2011; Luo et al., 2011; McKeown et al., 2011; Wolff
et al., 2011), and genome wide expression profiling has suggested
that, in the early two to four celled-embryo, more than 30% of
all gene products are exclusively maternally contributed (Autran
et al., 2011).

MODIFICATION OF GENE ACTIVITY PROFILES IN A LIFE
PHASE DEPENDENT MANNER
The haploid and diploid life phases of flowering plants might have
conflicting interests with respect to the retention or removal of
extra gene copies resulting from gene and genome duplications.
Due to gene dosis constraints, a given segmental gene duplica-
tion might result in a net loss of fitness (Chernoff et al., 1992).
The extra gene copy might, however, also result in a net gain
of fitness in haploid tissue, where deleterious mutations can be
masked (Figure 1). As an adaption to potentially conflicting
demands for extra gene copies, it is tempting to speculate that
plants might have evolved compensatory mechanisms to pref-
erentially maintain the activity of duplicated genes in haploid
tissue. In this respect, it is interesting that the three Arabidop-
sis pre-mRNA splice factors AtBRR2, AtPRP8, and GFA1 are
not only encoded by ubiquitously expressed loci but also by
a gene copy that is preferentially active in the female gameto-
phyte (Figure 2). In theory, the activity status of a given gene
can be regulated on different levels. The establishment of tran-
scriptional differences implies the presence of life phase specific

FIGURE 1 | Hypothetical model of life phase dependent redundancy

adjustment. (A) The diploid sporophyte and the haploid gametophytes
exhibit, by definition, different redundancies for a given locus. Deleterious
mutations are consequently masked in the sporophyte but dominantly
expressed in the gametophyte. (B) Gene duplication increases redundancy
levels in the haploid and diploid phase. (C) If the activity of a given gene is
preferentially maintained in the gametophyte, different redundancy levels
between the sporophyte and the gametophytic life phase might be
buffered. Black bar, ancient locus; green bar, duplicated locus, gray arrows
indicate redundancy differences.

cis-regulatory elements, which is supported by the substantial
number of genes enriched in gametophytic tissue (Honys and
Twell, 2003, 2004; Sprunck et al., 2005; Yu et al., 2005; Johnston
et al., 2007; Steffen et al., 2007). Promoters conferring expression
during female gametogenesis have been identified (Yu et al., 2005),
however the responsible transcription factor binding sites have
not yet been defined. Haerizadeh et al. (2006) have shown that
a gamete-restrictive silencing factor, GRSF, which is expressed in
accessory cells, stably represses gamete specific gene expression
in Arabidopsis. Additionally, a 77-bp comprising cis-regulatory
element responsible for egg apparatus specific expression of the
enhancer detector line ET253 was identified (Yang et al., 2005),
and the specific expression of members of the type I MADS
domain family in the central cell and antipodal cells of the female
gametophyte suggests the presence of a chalaza-determining cis-
regulatory element (Bemer et al., 2010). Additionally, the analysis
of a battery of MYB98 downstream targets has identified two
distinct cis-regulatory elements associated with MYB98 induced
synergid expression (Punwani et al., 2007; Punwani and Drews,
2008). Corresponding work on MYB- and MADS-box family
transcription factors in the male gametophyte have identified
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FIGURE 2 | Expression patterns of three pre-mRNA splice factor

encoding gene pairs in the ovule. Recent work in the authors’ laboratory
indicate that AtBRR2, AtPRP8, and GFA1 are encoded by genes
(At1g20960, At1g80070 and At1g06220, respectively) expressed in
sporophytic and gametophytic tissue (A,C,E), but also by a gene copy,
AtBRR2L (At2g42270), AtPRP8L (At4g38780), and GFL (At5g25230) that is
preferentially active in the female gametophyte (B,D,F). The micropylar half
of the female gametophyte is in focus and encircled by a dottet line.

target sites necessary for pollen specific expression (Verelst et al.,
2007a,b). Additionally, the dissection of the vegetative cell spe-
cific LAT 52 promoter has delineated three activator domains,
each sufficient to confer pollen specific expression when com-
bined with the minimal CaMV 35S promoter (Bate and Twell,
1998) and promoters conferring sperm cell specific expression
have been identified (Mori et al., 2006; von Besser et al., 2006).
That genes of the haploid life phase can jointly be targeted, is
also suggested by the recently identified ouroboros mutant of Ecto-
carpus siliculosus, which exhibits a sporophyte to gametophyte
conversion (Coelho et al., 2011). As a consequence, the char-
acteristic alterations between haploid and diploid generation is
replaced by a reiteration of the gametophytic phase. Although
the respective single recessive locus has not yet been identi-
fied, this example shows that the developmental programs of
a given life phase can converge in a single homeotic master
regulator.

Apart from the obvious regulation through diversification of
cis-regulatory elements, activity profiles can be modulated at fur-
ther levels. This includes the epigenetic regulation of genetic loci
and the regulation of mRNA and protein levels by tissue specific
mRNA and protein-degradation machineries. In this respect, work
by Bate et al. (1996) is very interesting. The group has studied the
role of the LAT 52 5′UTR in transient expression assays, which
strongly enhances LAT 52 translation in the pollen. By contrast,
no such effect has been observed in sporophytic tissue, suggest-
ing that the respective regulatory network is differentially active
in male gametophytic versus diploid tissue. Similarly, Ylstra and
McCormick (1999) have reported on two mRNAs which exhibit
tissue specific stability differences in tobacco: GUT 15 mRNA is
unstable in BY2 cells but very stable in pollen and GRP2 mRNA
was found to be readily degraded in pollen but is stable in BY2
cells, suggesting life phase dependent differences in the regulation
of mRNA levels.

GENETIC REDUNDANCY IN HAPLOID TISSUE
To this end it is not clear whether gene duplicates are more
likely kept active in the haploid gametophyte than in sporo-
phytic tissue, however research of the last decades has shown
that there is substantial genetic redundancy covering distinct
aspects of male and female gametophyte development. In
the female gametophyte, important cytoskeletal functions are
governed by homologous gene pairs: NACK 1/HINKEL and
STUD/TETRASPORE/AtNACK 2 code for kinesin-like proteins
and NACK 1/HINKEL plays a critical role in embryogenesis
(Strompen et al., 2002), whereas STUD/TETRASPORE/AtNACK 2
is required for meiosis (Hulskamp et al., 1997; Spielman et al.,
1997). Notably, plants defective in both, NACK 1/HINKEL and
STUD/TETRASPORE/AtNACK 2, exhibit female gametophytic
defects with abnormal nuclei size and positioning (Tanaka et al.,
2004), suggesting that these processes are regulated in a redundant
manner. Similarly, the c-tubulin TUBG1 together with TUBG2
regulates nuclei size and positioning in the female gametophyte
(Pastuglia et al., 2006).

Also, fusion of central cell nuclei, which is a prerequisite for
the formation of triploid endosperm, is regulated in a redun-
dant manner: MIRO1 is a GTPase, which has been shown to play
a role during pollen tube growth and embryogenesis. The Ara-
bidopsis genome contains three MIRO GTPases, and mutations
in MIRO1 affect pollen tube growth and early embryo develop-
ment (Yamaoka and Leaver, 2008). By contrast, homozygous miro2
mutants don’t exhibit developmental abnormalities, however the
double mutant MIRO1/miro1, miro2/miro2 strongly enhances the
pollen tube growth defect and nuclei fusion in the central cell of the
female gametophyte is disturbed (Sormo et al., 2011). Similarly,
the BiP protein, a molecular chaperone Hsp70 in the endoplas-
mic reticulum, is required for polar nuclei fusion (Maruyama
et al., 2010): Arabidopsis contains three BiP proteins, with BiP1
and BiP2 being 99% identical. Whereas bip single mutants do
not exhibit any defects, central cell nuclei fail to fuse in bip1
bip2 double mutants. Functional redundancy does also occur in
pollen as evidenced, for example, by the analysis of members of the
pollen specific MIKC∗ class of MADS domain transcription fac-
tors (Verelst et al., 2007b) and characterization of apyrases AtAPY1
and AtAPY2, which together regulate pollen germination (Steine-
brunner et al., 2003). The example of RPT5a, which constitutes
one of six AAA-ATPases of the regulatory particle (RPT) demon-
strates that the function of the second allele can critically depend
on accession specific backgrounds (Gallois et al., 2009): RPT5 is
encoded by two genes as a result of a gene duplication event.
Both genes, RPT 5a and RPT 5b are redundantly required for the
development of the female gametophyte and double mutants in
the Wassilewskija (WS) accession exhibit a development arrest at
the one- to two-nucleate embryo sac. By contrast, male gameto-
genesis is already perturbed in the rpt 5a single mutants in the
Wassilewskija background. Intriguingly, a rpt 5a single mutation
in Columbia does not affect male gametogenesis due to a com-
plementary function of the Columbia RPT 5b gene. Another hint
for substantial redundancy in gametophytic tissue can be inferred
from transcriptome studies: Yu et al. (2005) have screened for
genes enriched in the female gametophyte and selected six genes
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for functional analysis through T-DNA insertion lines. Notably,
they did not observe a defect in any of the lines, which is explained
with possible redundant functions of homologous genes.

The alternation of generations realized in flowering plants com-
bines two generation on a single organism. Here we have discussed
the possibility that the associated differences in gene copy number
might result in different demands of both generations to maintain
a given duplicated gene in its active state. Notably, the respective
data sets to address this issue have already been generated through
comprehensive transcriptome profiling approaches of diploid and

haploid tissues. Future work will hopefully show, whether the
number of active gene family members covering a given gene
function is higher in gametophytic than in sporophytic tissue.
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Postembryonic organ formation of plants is fueled with cells from the stem cell niches in
the shoot and root meristems. During the last two decades many players that regulate
stem cell maintenance have been identified. With these factors in hand, the mechanisms
establishing stem cell niches during embryo development can be addressed. Here we dis-
cuss current models of how the shoot meristem stem cell niche arises during Arabidopsis
embryo pattern formation.

Keywords: stem cell niche, asymmetry, body plan, cell fate

ORGANIZATION AND KEY FACTORS OF THE SHOOT
MERISTEM
In dicotyledonary angiosperms the shoot meristem is organized
in three cell layers that contribute differentially to plant growth
(Figure 1). The outermost L1 and the underlying L2 divide pre-
dominantly periclinally and give rise to the epidermis and subepi-
dermal tissue. The L3 divides in all directions and gives rise to inner
tissue. Clonal studies have determined that all postembryonically
formed shoot cells ultimately are derived from about three stem
cells in each layer (Stewart and Dermen, 1970). They are located
in the outermost area of the central zone (CZ) that is defined by
a lower cell division rate, compared to the peripheral zone (PZ)
where lateral organ anlagen are initiated, and the underlying rib
zone (RZ) that forms the pith tissue (Lyndon, 1998).

The plant specific homeobox gene WUSCHEL (WUS) is
expressed in the organizing center (OC), a small group of L3 cells
(Figure 1). WUS is required to maintain the stem cells undifferen-
tiated and for CLAVATA3 (CLV3) expression therein (Mayer et al.,
1998; Schoof et al., 2000). CLV3 serves as a negative feedback sig-
nal that binds to several leucine-rich-repeat receptor-like kinases,
including CLAVATA1 (CLV1; Fletcher et al., 1999; Rojo et al., 2002;
Ogawa et al., 2008), to restrict the OC by downregulating WUS
transcription (Lenhard and Laux, 2003). This negative feedback
loop between OC and stem cells provides a conceptual frame-
work for how stem cell number can be dynamically kept constant
(Schoof et al., 2000).

The SHOOTMERISTEMLESS (STM ) gene, similar to its maize
ortholog KNOTTED1, is expressed throughout the meristem
dome but is absent from incipient organ anlagen (Long et al.,
1996). STM maintains meristem cell fate by directly promoting
cytokinin synthesis and repressing accumulation of the cytokinin
antagonist gibberellic acid (Hay et al., 2002; Jasinski et al., 2005;
Yanai et al., 2005). In addition, STM prevents expression of
ASYMMETRIC LEAVES1 (AS1), a repressor of the meristem genes

BP/KNAT1 and KNAT2. Opposite to the shoot meristem, leaf
primordia are marked by the accumulation of auxin and gib-
berellins, and by the expression of AS1/2, which together promote
differentiation (Byrne et al., 2000, 2002; Hay et al., 2006).

SETTING UP THE APICAL EMBRYO POLE
Due to a largely invariant cell division pattern, the origin of the
shoot meristem can be traced back to cellular decisions during
Arabidopsis early embryogenesis (Figure 2). As in most plants
investigated, the Arabidopsis zygote divides asymmetrically to give
rise to two daughter cells of different developmental perspectives
(Figures 2A,B). While the larger and highly vacuolated basal cell
forms mainly the extra embryonic suspensor (the basal lineage),
the small densely cytoplasmic apical cell gives rise to most of the
embryo (the apical lineage). In the eight-cell embryo, the upper
tier of four-cells are the founders of the shoot, including the shoot
meristem, whereas the lower tier give rise to hypocotyl and embry-
onic root (Jürgens and Mayer, 1994). By a round of periclinal
divisions, the eight-cell embryo separates the protoderm from
inner cells. Subsequently, elongated cells in the lower half indi-
cate the onset of vascular development. At the globular embryo
stage, periclinal cell divisions at the two flanks result in an out-
growth of cotyledon primordia. Soon thereafter the three layered
shoot meristem is visible between the growing cotyledons at the
late heart stage.

Thus the shoot meristem originates through a series of for-
mative cell divisions from the asymmetric division of the zygote
onward. Mutant and gene expression studies have provided an
entry point to analyze these early processes.

Important information for the asymmetric division of the
zygote comes from the pollen which provides mRNA of the
SHORT SUSPENSOR (SSP) gene (Bayer et al., 2009). SSP encodes
an interleukin-1 receptor-associated kinase/Pelle-like kinase and
genetically is upstream of YODA, a MAPKK kinase (Figure 2A).
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FIGURE 1 | Arabidopsis shoot apical meristem organization. The shoot
meristem with the central zone (CZ), the peripheral zone (PZ), and the rib
zone (RZ) is shown. The three layers (L1–L3) are indicated. Stem cells
(shown in blue, expressing CLV3) and the organizing center (OC; shown in
red, expressing WUS) interact in a negative feedback loop. In the leaf
primordium, adaxial and abaxial cell fates are marked by expression of
HD-ZIP III and KANADI family genes, respectively. Modified from
Gross-Hardt and Laux (2003).

The absence of SSP, YDA, or the downstream transcription fac-
tor GROUNDED (GRD) leads to failure of zygote elongation, a
more symmetric division, and mis-specification of suspensor fate
(Lukowitz et al., 2004; Bayer et al., 2009). Mutations in the WRKY2
gene also result in a more symmetric division of the zygote (Ueda
et al., 2011). Here, it is the shift of the nucleus to the upper half
of the zygote and the accumulation of vacuoles in the basal half
that unlike wildtype do not take place in the wrky2 mutant, indi-
cating a role for WRKY2 in establishing polar organization of the
zygote. Subsequently, the two daughter cells in wrky2 not only are
of similar size but also both contain prominent vacuoles, in con-
trast to wildtype where prominent vacuoles are a hallmark of the
basal daughter cell. Future work will reveal how YDA and WRKY2
pathways are interconnected in the zygote.

WRKY2 directly activates transcription of WOX8 and presum-
ably also of the redundant WOX9 gene in the zygote (Ueda et al.,
2011). WOX8 expression is sufficient to rescue wrky2 polarity
defects indicating that this interaction is relevant for zygote asym-
metry. WOX8/9 are members of the intermediate clade of the
WUSCHEL HOMEOBOX (WOX) gene family; and both genes are
expressed in the zygote and in its basal derivatives (Figure 2B;
Haecker et al., 2004). Together with WOX8/9 the zygote expresses
WOX2, which is restricted to the apical cell after the zygotic divi-
sion,and subsequently to the upper half of the dermatogen embryo
(Haecker et al., 2004).

WOX8/9 act redundantly in the development of the suspensor,
but also non-cell autonomously in the development of the apical
derivatives of the zygote (Breuninger et al., 2008), where WOX8/9
are required for expression of WOX2. WOX2 in turn, together with
WOX1, WOX3/PRS, and WOX5, redundantly functions in shoot

FIGURE 2 | Apical pole establishment during embryogenesis. (A) Gene
interactions during the asymmetric division of the Arabidopsis zygote. SSP
mRNA acts as a signal delivered by the pollen to promote elongation and
asymmetric division of the zygote via the YDA pathway. The WRKY/WOX
pathway promotes polar organelle localization in and asymmetric division of
the zygote. Vacuoles (white), nuclei (circles) are indicated. Expression
domains and PIN7 localization are color-coded as shown in (B). Modified
from Zhang and Laux (2011). (B) Apical and basal lineage development. The
zygote co-expresses WOX2, WOX8, and WOX9, the expression patterns of
which subsequently mark the gradual establishment of the body plan.
RAM, root meristem primordium; SAM, shoot meristem primordium. (C)

Partitioning of the apical embryo domain. Upper row: longitudinal views of
embryos, displaying WUS, CLV3, and DRN, DRNL expression patterns.
Bottom row: top views of embryos. Expression domains of marker genes
showing the gradual establishment of bilateral symmetry are indicated.
Figure modified from Laux et al. (2004). For references and gene symbols
see text.

development, including expression of PIN-FORMED (PIN1),
polar distribution of auxin, protoderm separation, and cotyle-
don spacing (Breuninger et al., 2008). Comparison of multiple
mutant phenotypes indicates that WOX2 is the main regulator
of embryonic shoot patterning, whereas WOX1, WOX3/PRS, and
WOX5 only become relevant if WOX2 is mutant. Previous reports
highlighted the importance of auxin accumulation in the embryo
proper via PIN7-mediated transport as an important step for
apical–basal axis formation and cotyledon spacing (Friml et al.,
2003). One interesting question to be addressed in the future
is whether WOX activity is also linked to PIN7 expression and
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auxin patterns from the one-cell embryo stage. In line with phe-
notypic differences between yda and wox8 wox9 mutants, triple
mutant combinations indicate that both activities converge early
in embryogenesis (Breuninger et al., 2008).

Together, these findings have suggested that the zygote expresses
a mixture of basal and apical lineage regulators and that distortion
of this balance affects the asymmetry of the zygotic division.

INITIATION OF THE SHOOT MERISTEM STEM CELL NICHE
Soon after apical and basal embryo lineages are established, shoot
and root stem cell niches become apparent. Shoot and root
fate involve complementary master regulators, HD-ZIPIII, and
PLETHORA transcription factors, respectively. Ectopic expression
of the HD-ZIPIII factor REVOLUTA (REV, see below) in the root
pole is sufficient to convert the root into a second shoot struc-
ture by antagonizing PLETHORA (PLT ) activity (Smith and Long,
2010). Vice versa, ectopic expression of PLT in the shoot pole of
topless mutants causes a shoot to root transition.

In 16-cell wildtype embryos, WUS expression is initiated in
the four inner cells of the apical embryo, which by a series of
asymmetric divisions will give rise to the OC (Mayer et al., 1998;
Figure 2C). Interestingly, however, the earliest defects observed in
wus mutants are in heart stage embryos, when the cells and the
structure of the shoot meristem primordium are abnormal. The
role of WUS during the 16-cell to heart transition is yet unknown.
Notably, WUS has been found to act also in female gametogenesis
and male organ development (Deyhle et al., 2007; Lieber et al.,
2011). In analogy, yet undiscovered functions of WUS unrelated
to stem cell development cannot be excluded during early embryo-
genesis. Alternatively, it is possible that WUS solely acts to specify
the precursor cells of the OC.

Which factors establish early WUS expression? Since WOX2
and WUS expression domains overlap at the 16-cell stage (Mayer
et al., 1998; Haecker et al., 2004) and wox1,2,3,5 quadruple mutants
are unable to form a shoot (Breuninger et al., 2008), WOX2
appears a plausible candidate that needs to be addressed. Sev-
eral other mutants display an altered WUS expression pattern at
later stages. For example, the DORNRÖSCHEN (DRN ) gene is
expressed from the one-cell embryo in the embryo proper and in
drn dornröschen-like mutants, WUS expression is shifted laterally
in the early globular embryo (Chandler et al., 2011), suggesting
that DRN/DRNL are required to position the OC.

Two factors, SPLAYED (SYD) and BARD1 (Kwon et al., 2005;
Han et al., 2008) directly affect WUS expression. SYD, a SNF2-
class ATPase is required for efficient transcription of WUS, whereas
BARD1, previously implicated in DNA repair, is required to repress
WUS in the stem cells and confine its expression to the OC
of seedling meristems. Both factors are expressed during early
embryogenesis, raising the possibility that chromatin regulation is
involved also in early stages of the WUS expression pattern.

CLV1 and CLV3 mRNA have been detected in the shoot meris-
tem primordium as early as the heart embryo stage (Figure 2C;
Long and Barton, 1998; Fletcher et al., 1999). clv1 and clv3 mutants
display an increased expression domain of WUS from heart stage
on, indicating the CLV signaling cascade is functional (Schoof
et al., 2000). On the other hand, CLV3 expression is absent in
mature wus embryos (Brand et al., 2002), showing that WUS is

required for CLV3 expression during embryogenesis. It will be of
interest to determine the onset of CLV3 expression, the role of WUS
therein, and the initiation of the WUS/CLV3 feedback regulation
in the embryo.

SETTING UP THE SHOOT MERISTEM PRIMORDIUM IN THE
GLOBULAR EMBRYO
The apical half of the globular embryo becomes partitioned into
two lateral organ primordia and a central stripe that develops into
the shoot meristem. Kaplan and Cooke (1997) propose that ini-
tiation of cotyledons is equivalent to initiation of leaves and thus
that the apical domain of the embryo constitutes the first shoot
meristem. However, with the discovery of stem cell regulators, the
emerging picture is that many components of a self-maintaining
meristem are still missing in the globular embryo. This sug-
gests that cotyledon initiation, albeit morphologically similar to
postembryonic leaf initiation, uses a different genetic repertoire
than the postembryonic shoot meristem.

Establishing bilateral symmetry of the embryo and specifica-
tion of the center as shoot meristem primordium involves an
interplay of auxin, CUP-SHAPED COTYLEDON (CUC) genes,
and the STM gene. At the globular embryo stage, CUPSHAPED
COTYLEDON (CUC) genes CUC1 and CUC2 are expressed in
a narrow stripe separating the presumptive cotyledonary primor-
dia (Figure 2C; Aida et al., 1999; Takada et al., 2001). Detailed
expression studies indicate that PIN1 and the auxin response fac-
tor MONOPTEROS are required to confine CUC1 expression to
the central stripe and to enhance CUC2 expression therein (Aida
et al., 2002), supporting an important role for auxin in the estab-
lishment of bilateral symmetry. CUC1 and CUC2 activities in
turn are required to initiate STM expression and overexpression
of CUC1 induces the formation of ectopic meristems, indicat-
ing CUCs as promoters of shoot meristem fate (Takada et al.,
2001). During shoot meristem formation, STM appears to ful-
fill two functions: repression of cell division in the margins of
the CZ to allow separation of cotyledons, and maintenance of
shoot meristem cells in the center (Figure 2C; Long et al., 1996).
Recent studies using postembryonic tissue revealed that STM can
in turn promote expression of CUC1/2/3 genes (Spinelli et al.,
2011). In addition, STM also represses CUC1/2 genes by indi-
rectly activating MIR164a which targets CUC mRNA, suggesting
the potential for positive and negative feedback loops between
STM and CUC genes. It will be important to compare the precise
spatio-temporal expression patterns and requirements for STM,
MIR164a, and CUC genes during embryogenesis in order to eval-
uate the impact of these different interactions for shoot meristem
initiation.

At the same time when the median stripe is specified, the
peripheral regions initiate cotyledonary primordia. Expression of
the AINTEGUMENTA (ANT ) gene marks a peripheral ring of the
globular embryo that overlaps with the central STM expression
stripe; setting up two lateral regions that express ANT but not
STM and that will give rise to the cotyledons (Figure 2C; Long
and Barton, 1998). Afterward, ANT expression is confined to the
cotyledons, together with AS1 that, in analogy to leaves, might
downregulate the meristem genes KNAT1 and KNAT2 to allow
differentiation (Byrne et al., 2000; Ori et al., 2000).
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At the transition stage, when cotyledonary primordia just
became visible, auxin response maxima appear at the tips of the
forming cotyledons due to polarized transport mediated by PIN1
(Benkova et al., 2003). This situation is somewhat reminiscent
to the initiation of lateral organs in the postembryonic meristem
(Braybrook and Kuhlemeier, 2010). However, whereas in the shoot
meristem auxin response maxima predict the site of future organs,
during embryogenesis, auxin accumulation is only observed after
the cotyledons are established. Thus, auxin might function in
cotyledon development at a later step than in the shoot meris-
tem. Alternatively, low levels of auxin response that escaped the
detection might determine the cotyledon positions.

THE MERISTEM GOES TO WORK: ROLE OF ZWILLE
EXPRESSION IN THE VASCULATURE
Loss-of-function mutants of the ZWILLE gene (ZLL; also called
PINHEAD and AGO10) lack a shoot meristem at the seedling
stage and instead display an empty apex, indistinguishable from
wus seedlings, or a differentiated leaf structure (Mcconnell and
Barton, 1995; Moussian et al., 1998). In contrast to wus mutants,
however, zll seedlings can form indeterminate shoot meristems
after germination, indicating an essential role during embryonic
shoot meristem development (Endrizzi et al., 1996; Moussian et al.,
1998). zll embryos express WUS, and also initiate CLV3 expression,
but subsequently CLV3 expression is not maintained despite the
presence of WUS (Tucker et al., 2008). Furthermore, overexpres-
sion of WUS is ineffective in a zll mutant. This indicates that ZLL
is required to potentiate WUS dependent signaling from the OC
to maintain stem cell identity and CLV3 expression.

ZLL encodes a member of the ARGONAUTE proteins that are
central components in RNA interference (Moussian et al., 1998;
Hutvagner and Simard, 2008). Interestingly, ZLL expression in
the vascular primordium is sufficient to rescue stem cell mainte-
nance, indicating a non-cell autonomous mechanism by which
the vasculature sustains the overlying shoot meristem (Tucker
et al., 2008). Since ZLL protein itself does not seem to move
(Moussian et al., 2003), what might be a signal emanating from
vascular cells? Liu et al. (2009) discovered that in zll mutants,
miR165/166 accumulates in the shoot meristem primordium and
in turn their targets, class III HD-ZIP mRNAs REVOLUTA (REV ),
PHABULOSA (PHB), and AtHB15 are reduced. HD-ZIPIII genes
encode homeodomain transcription factors and have overlapping
and antagonistic roles in shoot meristem maintenance, adaxial–
abaxial polarity, and vascular development (Prigge et al., 2005;
Byrne, 2006). miR165/6 expression overlaps with transcripts of
the HD-ZIP III mRNAs during cotyledon development and in
the shoot meristem of mature embryos, suggesting that miR165/6
tunes the steady state levels of its targets mRNAs (Williams et al.,
2005).

Since shoot meristem development was restored in zll mutants
by miRNA resistant versions of REV or PHB and by reduction
of miRNA165/166 levels via mimicry RNAs (Liu et al., 2009), the
accumulation of miR165/166 appears to be the cause of shoot
meristem loss in the zll mutant. AGO proteins normally bind
miRNAs to either degrade or translationally inhibit their target
mRNAs, and therefore, the increase of HD-ZIPIII RNAi in the
absence of ZLL is somewhat paradoxical. It was noted before,

however, that ZLL not only can act in RNAi (Brodersen et al.,
2008), but also can antagonize gene silencing and developmental
functions of AGO1, a major AGO protein in mRNA degradation
(Mallory et al., 2009). One interesting model proposed therefore
is that ZLL might bind in the vasculature to miR165/166 and thus
block its accumulation in the shoot meristem primordium (Bray-
brook and Kuhlemeier, 2010; Chitwood and Timmermans, 2010).
In line with this model, the ability of miR165/6 to move between
cells has been reported (Carlsbecker et al., 2010). Furthermore,
biochemical evidence shows that ZLL specifically binds to the
duplex of miR166/166∗ with a higher affinity than AGO1. Impor-
tantly, in vitro RNAi experiments indicate that ZLL appears to be
less efficient than AGO1 in degrading HD-ZIPIII mRNA. There-
fore, ZLL might function by sequestering miR165/166 away from
the catalytically more active AGO1, resulting in higher HD-ZIPIII
mRNA levels (Figure 3; Zhu et al., 2011).

INTERPLAY OF LEAF PATTERNING AND SHOOT MERISTEM
MAINTENANCE
Analysis of the phantastica (phan) mutant in Antirrhinum by
Waites et al. (1998) showed that shoot meristem maintenance
requires signals from its descendants, the leaves. In addition to
defects in adaxial–abaxial leaf polarity, phan mutants grown at low
temperatures fail to maintain the shoot meristem. Notably, PHAN
mRNA was exclusively detected in lateral organ initials, implying
signaling from leaf primordia back to the shoot meristem.

Mutants of adaxial–abaxial leaf polarity genes in Arabidop-
sis corroborate this notion. The miRNA resistant mutant phb1-d
gives rise to adaxialized leaves, bearing ectopic shoot meristems on
the lower side (Mcconnell and Barton, 1998). Vice versa, multiple
HD-ZIPIII mutant seedlings variably display abaxialized cotyle-
dons and shoot meristem termination (Emery et al., 2003; Prigge
et al., 2005). Thus, in addition to HD-ZIPIII gene expression in

FIGURE 3 | Function of AGO1, ZLL, and miR165/166 during

embryogenesis. In wild type, ZLL protein is thought to sequester
miR165/166 away from AGO1, thus allowing accumulation of HD-ZIPIII
mRNA in the shoot meristem region and maintenance of stem cells
(expressing CLV3). In the zll embryo, higher levels of miR165/166 can bind
to AGO1, resulting in a reduction of HD-ZIPIII transcript levels, termination
of the shoot meristem and of CLV3 expression. Gene expression domains
are indicated.
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the meristem primordium, their role in leaf primordia patterning
might also be required for shoot meristem formation, but distin-
guishing these two functions still needs to be addressed. Opposite
to HD-ZIPIII genes, overexpression of KANADI (KAN ) genes,
which antagonize HD-ZIPIII functions in leaf development and
promote abaxial development, result in termination of the shoot
meristem (Kerstetter et al., 2001; Izhaki and Bowman, 2007). These
data together indicate that an adaxial environment promotes shoot
meristem formation, whereas abaxial features antagonize it. The
nature of the underlying hypothetical leaf borne signal(s) is yet to
be determined.

PERSPECTIVES
During the past decade important players that are involved in
building the Arabidopsis embryo have been identified. Many of
those were found based on postembryonic mutant phenotypes; it
is thus not surprising that currently our knowledge of embryo pat-
terning is biased toward the initiation of postembryonic networks.

Whether there is also an underlying set of embryo specific regu-
lators not detected in conventional mutant screens remains to be
determined. Genetic screens in sensitized backgrounds, searches
for abnormal expression patterns, or reverse genetics starting from
embryo cell specific expression profiles promise to provide insight.
With the players known, high resolution of their spatio-temporal
patterns of expression and function becomes a pressing issue. Live
imaging in embryos will be thus a challenge for the coming years
that holds the promise to allow insight into the regulatory logic
that builds the body plan, as much as it has aided to decipher
complex networks in postembryonic development.
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