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Rootless concerning crown and seminal roots (Rtcs) encodes a LATERAL ORGAN BOUNDARIES
domain (LBD) protein that regulates shoot-borne root initiation in maize (Zea mays L.). GREEN
FLUORESCENT PROTEIN (GFP)-fusions revealed RTCS localization in the nucleus while its
paralogue RTCS-LIKE (RTCL) was detected in the nucleus and cytoplasm probably owing to an
amino acid exchange in a nuclear localization signal. Moreover, enzyme-linked immunosorbent
assay (ELISA) experiments demonstrated that RTCS primarily binds to LBD DNA motifs. RTCS
binding to an LBD motif in the promoter of the auxin response factor (ARF) ZmArf34 and recipro-
cally, reciprocal ZmARF34 binding to an auxin responsive element motif in the promoter of Rtcs was
shown by electrophoretic mobility shift assay experiments. In addition, comparative qRT-PCR of
wild-type versus rtcs coleoptilar nodes suggested RTCS-dependent activation of ZmArf34 expression.
Consistently, luciferase reporter assays illustrated the capacity of RTCS, RTCL and ZmARF34 to
activate downstream gene expression. Finally, RTCL homo- and RTCS/RTCL hetero-interaction
were demonstrated in yeast-two-hybrid and bimolecular fluorescence complementation experiments,
suggesting a role of these complexes in downstream gene regulation. In summary, the data provide
novel insights into the molecular interactions resulting in crown root initiation in maize.
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1. INTRODUCTION
Maize (Zea mays) root system architecture is complex and
involves several root types formed during embryogenesis
or postembryonically to secure water and nutrient
uptake and provide mechanical stability [1]. The embryo-
nic phase of root development is defined by the primary
root and a variable number of seminal roots [2]. Postem-
bryonically, crown roots are initiated from consecutive
shoot nodes below the soil level, whereas brace roots are
formed from above-ground shoot nodes [3]. The dense
crown root system makes up the major backbone of the
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adult maize root stock system, conferring lodging resist-
ance [4], and is important for grain yield [2].

The maize mutant rootless concerning crown and seminal
roots (rtcs) is impaired in the initiation of embryonic semi-
nal and all postembryonic shoot-borne roots [5]. Hence,
the root system of the mutant rtcs consists only of the pri-
mary root with its lateral roots. The primary root displays
auxin-related defects such as a reduced gravitropic
response [6]. However, the root initiation defect cannot
be rescued by exogenous application of auxin [5]. Map-
based cloning of the Rtcs gene revealed that it encodes
for a member of the plant-specific LATERAL ORGAN
BOUNDARIES (LOB) domain (LBD) protein family
[6]. In line with its mutant phenotype, expression of
Rtcs was detected in emerging crown root primordia and
is auxin-inducible [6]. Coincidently, Rtcs is not expressed
in lateral roots and the mutant rtcs is not affected in lateral
root formation.

Proteins encoded by LBD genes display an N-term-
inal-conserved LOB domain that comprises a C-motif
This journal is q 2012 The Royal Society
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probably responsible for DNA binding, a conserved
glycine residue and a putative leucine zipper-like
oligomerization domain [7,8]. On the basis of this
structure, LOB domain proteins are suggested to act
as transcription factors [9]. AtLOB, one of the founder
proteins of the LBD family, was demonstrated to bind
to the LBD motif 50 GCGGCG 30, and its activity is
post-translationally repressed by interaction with a
bHLH protein [9].

In Arabidopsis and maize, the LBD gene family consists
of 43 members [8], whereas in rice (Oryza sativa) 35
members have been reported [10]. The LBD gene
family can be divided into two classes according to the
structure of their leucine zipper-like motif [7]. Proteins
with a complete leucine zipper-like motif belong to class
I, whereas class II LOB domain proteins are characterized
by an incomplete leucine zipper indicating divergent
functions of these protein classes [7]. Class I LOB
domain proteins are typically expressed at the base of lat-
eral organs and are involved in the lateral organ formation
[11–13]. Rtcs and its paralogue Rtcl are class I LOB
domain proteins [6]. Maize Rtcs, its rice orthologue
CRL1/ARL1 [11,13] and its closest Arabidopsis thaliana
relative LBD29 [14] are involved in different aspects of
root development such as shoot-borne root formation
in maize and rice and lateral root development in Arabi-
dopsis. Moreover, Arabidopsis LBD18, in conjunction
with LBD16, plays a role in the initiation and emergence
of lateral roots [15]. Other class I LOB domain genes
affect adaxial–abaxial patterning [16–19], proximal–
distal patterning [20], embryo development [21],
tracheary element differentiation [22], inflorescence
development [23] and nutrient metabolism [24]. Sev-
eral class I LOB domain proteins such as AS2 or JLO
influence the expression of KNOX genes, thereby regu-
lating the separation of lateral organs from the
surrounding tissue and patterning of the plant
[12,21]. AtLBD37, AtLBD38 and AtLBD39 are the
only class II LOB domain proteins functionally charac-
terized thus far [24]. They are not involved in lateral
organ formation but in anthocyanin synthesis [24].

Auxin response factor (Arf) genes are induced by auxin
[25,26]. ARF proteins bind to auxin responsive elements
(AuxREs) in the promoters of early auxin response genes
[27]. In Arabidopsis, AtARF7, which interacts with
AtMYB77 [28] and AtARF19, directly regulates
AtLBD16 and AtLBD29, hence controlling lateral root
formation [14]. Moreover, LBD16 and LBD18 that are
involved in lateral root initiation and emergence also func-
tion downstream of AtARF7 and AtARF19 [15]. In
monocots, ARF function in crown root formation was
demonstrated by ARF1 binding to the promoter of the
LBD gene, OsCRL1 [11]. While multiple developmental
functions have been associated with LBD genes by genetic
analyses, little is known about the molecular interactions
of LBD genes. Here, we present novel insights related to
the molecular interactions of RTCS and its paralogue
RTCS-LIKE (RTCL).
2. MATERIAL AND METHODS
(a) Subcellular localization

C-terminal GFP fusions were generated by amplify-
ing the full-length coding sequence of Rtcs (GRM
Phil. Trans. R. Soc. B (2012)
ZM2G092542_P01) without the stop codon with
the oligonucleotide primers Rtcs-gw-fw-m-atg and
Rtcs-gw-rv-oh-stop (electronic supplementary material);
this introduced attB recombination sites for the
Gateway cloning system (Invitrogen, Carlsbad, CA,
USA). The PCR product was cloned into a 35S-
Gateway-GFP vector provided by Claus Schwechheimer
(TU Munich, Germany) resulting in a 35S::Rtcs-GFP
construct. Similarly, a C-terminal GFP fusion was
generated by amplifying the full-length coding sequence
of Rtcl (AC149818.2 FG009) excluding the stop codon
with the oligonucleotide primers Rtcl-BamH1-fw-m-atg
and Rtcl-BspH1-rv-oh-stop (electronic supplementary
material); it was then ligated into the BamHI and
BspHI restriction sites of the vector pCF203 provided
by Karin Schumacher (University of Heidelberg) yield-
ing a 35S::Rtcl-GFP construct. Subcellular localization
experiments were performed by transiently trans-
forming the plasmids 35S::Rtcs-GFP, 35S::Rtcl-GFP,
the control constructs 35S::HMGA-GFP [29] and
35S::GFP into A. thaliana Col-0 protoplasts according
to Li et al. [30]. Transformed protoplasts were examined
and documented with an HCX PL APO 63 � /1.2 W
CORR water immersion objective (Leica Microsystems,
Wetzlar, Germany) in a TCS SP2 AOBS confocal
microscope (Leica Microsystems). GFP was excited at
488 nm with an argon laser, and the emitted fluor-
escence was detected with a bandpass 509 nm filter.
Image processing was performed with Leica Confocal
Software (Leica Microsystems). Brightfield images
were taken from the same protoplasts that were analysed
for green fluorescence localization.
(b) Protein expression and electrophoretic

mobility shift assays

For N-terminal GST fusions, the open reading frame of
Rtcs was amplified with the oligonucleotide primers
(Rtcs-8-BamHI-fw and Rtcs-EcoRI-9-rv), whereas the
B3-DNA-binding domain (amino acids 129–231) of
ZmARF34 (GRMZM2G160005_P01) was amplified
using the oligonucleotide primers ZmArf34_B3-8-
BamHI-fw and ZmArf34_B3-8-EcoRI-rv (electronic
supplementary material). Both PCR products were
introduced into the BamHI and EcoRI sites of the
vector pGEX-6P-1 [31], which was expressed in
Escherichia coli BL21-DE3 cells. After induction with
1 mM IPTG, cultures were grown for 3 h at 378C
and lysed in sonication buffer (50 mM Tris, pH
7.5, 50 mM NaCl, 5 mM MgCl2, 1 mM PMSF,
0.08 ml ml21 b-ME, 0.02% NP40). The soluble frac-
tions with the recombinant proteins were used for
electrophoretic mobility shift assay (EMSA) exper-
iments. In contrast to ZmARF34, the crude extract of
GST–RTCS was isolated in the presence of 0.25 per
cent sarcosyl because of inclusion body formation [32].

EMSAs were performed according to Promega
(Madison, WI, USA) manual TB110 (www.promega.
com/tbs/tb110/tb110.pdf ). A 59 bp sequence of the
Rtcs promoter containing the AuxRE-238 motif
(pRtcs-AuxRE-238) was amplified with the oligonu-
cleotide primers EF051732-238-fw and EF051732-
238-rv (electronic supplementary material), and a
64 bp sequence of the ZmArf34 promoter
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containing the LBD-277 motif (pZmArf34-LBD-277)
was amplified with the oligonucleotide primers
GRMZM2G160005-fw and GRMZM2G16005-rv
(electronic supplementary material). Amplified DNA
fragments were labelled with [g-32P]-dATP (Hartmann
Analytic, Braunschweig, Germany) and T4 polynucleo-
tide kinase (Fermentas, St Leon-Roth, Germany). In
total, 20 mg of the crude protein extract containing
recombinant fusion proteins was incubated with
[g-32P]-dATP-labelled DNA fragments and 1 mg of
poly(dI-dC) in 10� buffer (100 mM Tris pH 7.5,
500 mM NaCl, 10 mM EDTA, 10 mM DTT) in a
total volume of 40 ml per experiment. The reaction pro-
ducts were analysed on 4 per cent non-denaturing
polyacrylamide gels. The specificity of protein binding
was controlled by using either 50-fold excess of specific
competitor DNA, i.e. unlabelled-specific template, or
unspecific competitor DNA, i.e. sonicated herring
sperm DNA (Promega), providing a mixture of distinct
DNA motifs of the appropriate size. The band shift of
the radioactively labelled DNA probes was detected by
exposition of the dried gels to X-ray films (Agfa, Dues-
seldorf, Germany).
(c) Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assays (ELISAs) are
designed to quantify protein (antigen) amounts in a
sample. GST–RTCS fusion proteins were over-
expressed as described earlier in E. coli BL21-DE3
cells. Biotin-labelled oligonucleotides were fixed to a
streptavidin-coated 96-well plate. The raw bacterial
protein lysate was applied to the plate, and the binding
was detected via the GST antibody–HRP conjugate
anti-GST-HRP (RPN1236, Amersham Biosciences,
UK) [33]. The 18 bp sequence including a LBD
motif 50 CAA AAA GCG GCG GCA GCA 30 and
the reverse complementary sequence labelled with
biotin at the 50 end were annealed by heating to
958C and slowly cooling down to room temperature.
The mutated oligonucleotide sequence was 50 CAA
AAA TTT TTT GCA GCA 30.
(d) Yeast-two-hybrid assay

Yeast-two-hybrid assays were performed with the
Matchmaker system (Clontech). Full-length open read-
ing frames of Rtcs (GRMZM2G092542_P01) and Rtcl
(AC149818.2 FG009) were amplified with the oligo-
nucleotide primer combinations BD/AD-Rtcs-NdeI-
fw, BD/AD-Rtcs-BamHI-rv and BD/AD-Rtcl-EcoRI-fw,
BD/AD-Rtcl-BamHI-rv, respectively, that introduced
NdeI, EcoRI and BamHI restriction sites (electronic
supplementary material). Subsequently, the PCR
products were introduced into the corresponding
restriction sites of the vectors pGBKT7 (BD) and
pGADT7 (AD). BD plasmids of truncated RTCS
(encoding for amino acids (aa) 1–183) and RTCL
(encoding for aa 1–167) were constructed using the
oligonucleotide primers BD/AD-Rtcs-NdeI-fw, BD-
Rtcs-del-BamHI-rv, and BD/AD-Rtcl-EcoRI-fw and
BD-Rtcl-del-BamHI-rv, respectively (electronic sup-
plementary material). The BD and AD constructs
were co-transformed into yeast strain AH109 and
selected on quadruple dropout (QDO) medium. The
Phil. Trans. R. Soc. B (2012)
interaction between the pGBKT7(BD)-p53 and
pGADT7(AD)-SV40 large T-antigen (provided in the
Matchmaker system) served as a positive control,
and the interaction between pGBKT7(BD)-lam and
pGADT7(AD)-SV40 as a negative control.
(e) Bimolecular fluorescence complementation

and FACS

Bimolecular fluorescence complementation (BiFC)
experiments were performed as described by Walter
et al. [34]. Fusion proteins of RTCS, RTCL and their
respective LOB domains were generated with the C- or
N-terminal parts of YFP. The sequences of full-length
Rtcs (GRMZM2G092542_P01) and Rtcl (AC149818.2
FG009) lacking the stop codon and the corresponding
LOB domain sequences (encoding for aa 1–116 of
RTCS and aa 1–115 of RTCL) were amplified. For all
four constructs, the forward oligonucleotide primer
Rtcs/Rtcl-SPY-atg-XbaI-fw was used. For full-length con-
structs, the reverse primers Rtcs-SPY-no-stop-SmaI-rv
and Rtcl-SPY-no-stop-SmaI-rv were employed, whereas
for LOB domain amplification, the reverse primers Rtcs
LOB-SPY-SmaI-rv and Rtcl LOB-SPY-SmaI-rv were
used (electronic supplementary material). PCR products
were introduced into the XbaI/SmaI restriction sites of
the BiFC vector pUC-SPYCE [34] and the modified
vector pUC-SPYNE-152 [30]. The constructs were co-
transformed into A. thaliana Col-0 protoplasts according
to Li et al. [30].

Flow cytometry was performed in a MoFlo (Modular
Flow; Beckman Coulter, Brea, CA, USA) as previously
described [35]. BiFC YFP fluorescence was excited
with a 488 nm (50 mW) argon laser, and its principle
emission was captured in FL1 (510–554 nm) and
plotted against autofluorescence in FL2 (565–605 nm).
Arabidopsis protoplast transformations and FACS
analyses were performed in three biological replicates.
(f) Transient luciferase expression assays in

Arabidopsis protoplasts

The effector plasmid containing the GAL4 DNA-
binding domain (GAL4DB), and the reporter and
reference plasmids containing firefly luciferase (LUC)
and renilla LUC were prepared as previously desc-
ribed [35]. The full-length coding sequence of Rtcs
(GRMZM2G092542_P01; oligonucleotide primers:
Rtcs/Rtcl-LUC-atg-SmaI-fw and Rtcs-LUC-stop-SacI-
rv) and Rtcl (AC149818.2 FG009; oligonucleotide
primers: Rtcs/Rtcl-LUC-atg-SmaI-fw and Rtcl-LUC-
stop-SacI-rv), and the middle region of ZmARF34
(encoding for aa 377–941, GRMZM2G160005_P01;
oligonucleotide primers: ZmArf34_MR-LUC-atg-
SmaI-fw and ZmArf34_MR-LUC-stop-SacI-rv) were
amplified (electronic supplementary material) and sub-
sequently introduced into the SmaI/SacI sites of the
effector plasmid. The effector, reporter and reference
plasmids were transiently co-transformed into A. thali-
ana Col-0 protoplasts according to Li et al. [30]. LUC
assays were performed with the dual-luciferase reporter
assay system (Promega) using a TriStar multimode
microplate reader LB 941 (Berthold, Bad Wildbad,
Germany). LUC activity was measured three times
for each transformant, and the values were
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Figure 1. (a) Alignment of the RTCS and RTCL full-length protein sequences. (b) Subcellular localization of RTCS and
RTCL in Arabidopsis thaliana protoplasts. GFP and HMGA-GFP were used as controls.
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normalized with the corresponding renilla LUC values.
The experiment was repeated three times with
independent transformants.

(g) qPCR

Total RNA was isolated from 5 and 10 day-old wild-type
and rtcs mutant coleoptilar nodes in three independent
biological replicates via the RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany). cDNA was synthesized
with qScript cDNA SuperMix (Quanta Biosciences,
Gaithersburg, MD, USA). qPCR was performed in
three technical replications for each of the three bio-
logical replicates using the MESA Green qPCR
Master Mix Plus for SYBR Assay no ROX kit (Eurogen-
tec, Cologne, Germany) in a CFX384 real-time PCR
Detection System (Bio-Rad, Munich, Germany).
Primer efficiency was tested in a dilution series (1, 1/2,
1/4, 1/8, 1/16, 1/32, 1/64, 1/128). Transcript levels
were normalized to the expression levels of the heavy
chain of the housekeeping gene myosin (GenBank
accession: 486090G09.x1; oligonucleotide primers:
486090G09.x1-fw and 486090G09.x1-rv; electronic
Phil. Trans. R. Soc. B (2012)
supplementary material), which was previously used
as a qPCR standard [36]. The oligonucleotide pri-
mers ZmArf34-TGA-50-fw and ZmArf34-TGA-200-
rv (electronic supplementary material) were used for
the amplification of 30 untranslated regions of the
ZmARF34 gene (GRMZM2G160005_P01). Differen-
tial gene expression was determined by Student’s t-test
(p � 0.05).
3. RESULTS
(a) Subcellular localization of RTCS and its

paralogue RTCL

As previously reported, RTCS and RTCL are closely
related paralogues that share an overall protein identity
of 72 per cent and an 88 per cent identity of the LOB
domain (figure 1a) [6]. To study their subcellular
localization, C-terminal GFP fusion proteins of
RTCS and RTCL were expressed in A. thaliana
Col-0 protoplasts (figure 1b). Consistent with the pre-
dicted role of RTCS as a transcription factor, GFP
fluorescence of RTCS–GFP was primarily detected
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Figure 2. (a) Specificity of RTCS binding (GST–RTCS) to an 18 bp oligonucleotide sequence (LBD) representing the LBD
motif 50 GCGGCG 30 assayed via ELISA. In a control experiment (LBD-mutated) the LBD motif of the 18 bp sequence was
replaced by the oligonucleotide sequence (50 TTTTTT 30). In another control binding of GST (without RTCS) was assayed
(**p � 0.01). (b) Binding of RTCS to a [g-32P]-ATP labelled 64 bp ZmArf34 promoter fragment containing the LBD-277
motif (lane 2). A 50� excess of unlabelled 64 bp probe was used as specific competitor (lane 3), whereas a 50� excess of

l-DNA was used as unspecific competitor (lane 4). Escherichia coli protein extract without RTCS was used as a negative control
(lane 5). (c) Transcript levels of ZmArf 34 in 5- and 10-day-old coleoptilar nodes of wild-type and the rtcs mutant assayed by
qPCR (*p � 0.05). (d) Binding of ZmARF34 to a [g-32P]-ATP labelled 59 bp Rtcs promoter fragment containing the AuxRE-
238 motif. Controls as described in 2b. (e) RTCS, RTCL and ZmARF34 transient co-transformation assay. Relative luciferase
activities after co-transformation of Arabidopsis protoplasts with the reporter construct GAL4-LUC and the effector constructs

GAL4DB (control), GAL4DB-RTCS, GAL4DB-RTCL and GAL4-ZmARF34MR were tested. All luciferase activities are
expressed relative to values obtained with the GALDB control (with GALDB set arbitrarily to 1). Error bars indicate+ s.d.
( f ) Model suggesting mutual control of ZmArf34 and Rtcs expression via a feedback loop.
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in the nucleus with faint fluorescence in the cytoplasm.
In contrast, RTCL–GFP fluorescence was present in
both the nucleus and the cytoplasm, with less nuclear
specificity than RTCS. Control experiments demon-
strated that the GFP tag alone was ubiquitously
expressed in Arabidopsis protoplasts, whereas the chro-
matin associated HMGA protein was exclusively
expressed in the nucleus (figure 1b).
Phil. Trans. R. Soc. B (2012)
(b) RTCS primarily binds to the LBD DNA motif

In order to demonstrate DNA binding of RTCS, an
ELISA was designed (see §2) to determine the speci-
ficity of RTCS binding to a LBD motif in the
context of the ZmArf16 promoter (figure 2a). The
experiment demonstrated that GST–RTCS displayed
a 7.1-fold increase in binding capacity to an 18 bp
sequence containing a central LBD 50 GCGGCG 30
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motif compared with the negative control, in which the
LBD motif was replaced by a hexathymidine stretch. As
an additional negative control, binding to the GST tag
was tested. The binding capacity was reduced by 67
per cent when the LBD motif in the 18 bp
oligonucleotide was replaced by a 50 TTTTTT 30.
Nevertheless, the hexathymidine stretch oligonucleo-
tide still displayed an interaction with GST–RTCS
significantly above the GST negative control. These
results suggest that the conserved LBD motif is impor-
tant for the binding capacity of RTCS but that the
sequence context, in which the LBD motif is embedded,
also significantly influences RTCS binding.

(c) RTCS binds to the LBD motif of ZmARF34
promoter

ZmArf34 (GRMZM2G160005_P01) is the closest maize
homologue of the Arabidopsis genes AtArf7 and AtArf19.
Proteins encoded by these genes interact with the promo-
ter of AtLBD16 and AtLBD29, and regulate root
formation in Arabidopsis. Sequence analysis demonstrated
that ZmArf34 includes five LBD motifs in its 1 kb promo-
ter sequence upstream of the ATG start codon. The LBD
motif 2277 bp upstream of ZmArf34 start codon was
selected, and its affinity to RTCS was tested by EMSA
(figure 2b). RTCS binding capacity was demonstrated
by shifting radioactively labelled promoter fragments
ZmArf34-277 upon interaction with RTCS (figure 2b,
lane 2). Specificity of RTCS binding was attested by a
50-fold excess of unlabelled LBD promoter motif,
which outcompeted the radioactively labelled sequence,
and did not lead to a shift (figure 2b, lane 3). In contrast,
band shifting was not affected by a 50-fold excess of
unlabelled herring sperm DNA as unspecific competitor
(figure 2b, lane 4). Furthermore, binding of any other
protein of the BL21-DE3 cells to the LBD promoter
motif was excluded (figure 2b, lane 5).

(d) ZmArf34 expression is RTCS-dependent

Direct interaction of RTCS with ZmArf34 promoter
elements as demonstrated in figure 2b can influence
the expression of ZmArf34. Therefore, expression of
ZmARF34 was studied in 5- and 10-day-old coleoptilar
nodes of wild-type and rtcs seedlings via qPCR. In line
with RTCS-dependent regulation of ZmArf34, gene
expression was significantly reduced in both 5- and 10-
day-old coleoptilar nodes of the rtcs mutant (*p� 0.05,
figure 2c). These results suggest an activation of
ZmArf34 expression by RTCS during the early stages
of coleoptilar node development.

(e) ZmARF34 binds to the auxin responsive

element motif of the Rtcs promoter

ARFs can bind to specific AuxREs [25]. Sequence
analysis of the Rtcs promoter revealed a canonical
AuxRE 50 TGTCTC 30 2238 bp upstream of the
ATG start codon. Binding of ZmARF34 fusion
protein to the AuxRE-238 motif of the Rtcs promoter
was tested by EMSAs using the B3-DNA-binding
domain of ZmARF34. This experiment demonstrated
that ZmARF34 can bind to the AuxRE motif of the
Rtcs promoter (figure 2d, lane 2). A 50-fold excess of
unlabelled AuxRE sequence was used as specific
Phil. Trans. R. Soc. B (2012)
competitor (figure 2d, lane 3) and 50-fold excess of
unlabelled herring sperm as unspecific competitor
(figure 2d, lane 4). Binding of any unspecific protein
of E. coli BL21-DE3 cell extracts to AuxRE promoter
elements was excluded (figure 2d, lane 5).
(f) RTCS, RTCL and ZmARF34 function as

transcriptional activators

To examine the ability of RTCS, RTCL and ZmARF34
to regulate transcription of downstream genes, transient
co-transfection assays were performed in Arabidopsis pro-
toplasts. The effector plasmids consisted of the yeast
GAL4DB as a control or the GAL4DB fused in-frame
with the coding regions of Rtcs (GAL4DB-RTCS) or
Rtcl (GAL4DB-RTCL) driven by a dual 35S promoter
(figure 2e). The reporter plasmid included the LUC
gene driven by the minimal TATA box of the cauliflower
mosaic virus 35S promoter with GAL4-binding sites
immediately upstream (figure 2e). LUC activity was
induced by the overexpression of GAL4DB-RTCS 54-
fold and by GAL4DB-RTCL 56-fold compared with
the GAL4DB control (figure 2e), suggesting a strong
transcriptional activation of downstream genes by
RTCS and RTCL.

Similarly, the role of ZmARF34 on downstream
gene expression was determined (figure 2e). The middle
region of ZmARF34 from the C-terminal end of the
DNA-binding domain to the N-terminal end of the
AUX/IAA-interacting domains III and IV (aa 377–941)
was inserted into the effector plasmid (GAL4DB-
ARF34MR; figure 2e). Co-expression of the reporter
plasmid with GAL4DB-ARF34MR resulted in a 316-
fold increase of luminescence in comparison to the
GAL4DB control experiment (figure 2e) suggesting a
strong transcriptional activation of downstream target
genes by ZmARF34.
(g) Homo- and hetero-interactions of RTCS and

RTCL

Class I LOB domains contain a leucine zipper-like
domain, suggested to be involved in protein dimerization
[37]. Homo- and hetero-interactions of RTCS and RTCL
were tested via yeast-two-hybrid and BiFC analyses.

Owing to the putative roles of RTCS and RTCL
as transcription factors, BD-RTCS and BD-RTCL
plasmids encoding for full-length fusion proteins
were co-transformed with control AD plasmids
into yeast cells to test their self-activation capacity
(figure 3a). Positive colonies suggested that both
can self-activate the expression of reporter genes in
yeast. Therefore, 61 aa at the C-terminus of RTCS
and 65 aa of RTCL were deleted (BD-RTCSD
and BD-RTCLD). These were the shortest deletions
that prevented self-activation. BD-RTCSD and BD-
RTCLD were used for subsequent yeast-two-hybrid
analyses. Co-transformation of BD-RTCSD and
BD-RTCLD with AD-RTCS and AD-RTCL in all
combinations revealed homo and hetero-interactions
of RTCS and RTCL in yeast (figure 3a).

To quantify RTCS and RTCL interactions, BiFC
experiments were performed in plant cells (figure 3b).
The quantification of three biological replicates per
experiment in figure 3b revealed homo-interactions of
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Figure 3. Homo- and hetero-interaction of RTCS and RTCL. (a) Yeast-two-hybrid interaction of RTCS and RTCL proteins
fused to a GAL4 activation domain (AD: red) and a Gal4 DNA-binding domain (BD: blue). LOB domains are highlighted in

green, full-length variable regions are coloured in yellow. Truncated variable regions without the activation domain are marked
in orange. The interaction between the pGBKT7 (BD)-p53 and pGADT7 (AD)-SV40 large T-antigen was used as a positive
control, and the interaction between pGBKT7(BD)-lam and pGADT7(AD)-SV40 as a negative control. (b) Interaction of
RTCS and RTCL LOB domains and full-length proteins in the bimolecular fluorescence complementation (BiFC) system

in Arabidopsis thaliana protoplasts. BiFC was quantified by flow cytometry.
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RTCL LOB domains and of full-length RTCL/RTCL
proteins. Significant homo-interactions of RTCS
and hetero-interactions between both proteins were
detected only for isolated LOB domains but not for
the full-length proteins in the BiFC system (electronic
supplementary material). This might imply that the
variable C-terminus of RTCS might inhibit RTCS
homo-interactions and hetero-interactions with RTCL.
4. DISCUSSION
Rtcs, which controls crown and seminal root initiation in
maize, encodes a LBD protein [6]. LBD proteins are
suggested to act as transcription factors [9]. Nuclear
localization of RTCS is consistent with the subcellular
localization of other LBD proteins such as AtAS2 [7],
OsARL1 [13], ZmRA2 [23], AtLOB [9], AtLBD16
and AtLBD29 [14], AtASL9 [38], AtJLO [21] and
AtLBD18 [15]. In contrast, RTCL was expressed ubi-
quitously in the nucleus and the cytoplasm. Proteins
that are targeted to the nucleus typically carry a nuclear
localization signal (NLS) [39]. NLS sequences are often
characterized by short stretches of the positively charged
amino acids arginine (R) and lysine (K). RTCS contains
a RRK stretch in its C-motif, whereas RTCL displays
the sequence RRR at the same position (figure 1a).
Sequence alignment of RTCL with the LBD proteins
in Arabidopsis, rice and maize, for which a nuclear local-
ization has been demonstrated, revealed that all known
nuclear LBD proteins identified thus far contain a
RRK sequence (electronic supplementary material,
figure S3a). Hence, the K to R exchange in RTCL
might result in its ubiquitous localization in the nucleus
and cytoplasm. Similarly, the LOB domain protein RA2
and the mutant protein ra2-mum4 display an R to H
amino acid change, which led to the suggestion that
this might affect its subcellular localization [23]. Interest-
ingly, among 35 class I LBD proteins in maize, 18
contain the sequence RRK whereas 15 display RRR
(electronic supplementary material, 3b). In contrast, all
eight class II maize LBD proteins display the sequence
RKG (electronic supplementary material, 3b). The sub-
cellular localization of these proteins needs to be
determined. In addition to difference in subcellular local-
ization, Rtcs was demonstrated to be expressed in the
primary root and in the coleoptilar node, whereas Rtcl
was preferentially expressed in primary roots [6]. Differ-
ences in subcellular localization and tissue-specific
expression patterns suggest diverse functions of RTCS
and RTCL in maize root development.

The C-domain is a part of the LOB domain and
consists of four cysteine residues with conserved spa-
cing, which probably forms a zinc-finger-like motif
[8]. Such structures are typical for DNA-binding
domains of transcription factors [37]. It has been
demonstrated that AtLOB specifically binds to a DNA
motif 50 GCGGCG 30 designated the LBD motif [9].
In this study, an ELISA experiment demonstrated that
RTCS binds primarily to the LBD motif.

Although some Arabidopsis LBD proteins such as
AtAS2, AtJLO and AtLBD18 were reported to regu-
late the expression levels of KNOX [17,21], ANT
and PLT genes [38], little is known about the tran-
scriptional control of direct downstream target genes
Phil. Trans. R. Soc. B (2012)
by LBD proteins [37]. In this study, transient co-
expression assays in protoplasts demonstrated that
RTCS and RTCL act as transcriptional activators.
Moreover, as shown in a yeast-two-hybrid experiment,
61 aa (position 184–244) and 65 aa (position 168–
232) C-terminal fragments of RTCS and RTCL
were deleted in order to prevent self-activation as
observed for full-length RTCS proteins. These exper-
iments suggested the presence of activation domains in
the C-terminus of RTCS and RTCL. In line with
these results, a C-terminal fragment, without LOB
domain, of CRL1/ARL1, the orthologue of RTCS in
rice, acted as a transcription activator in yeast cells
[13]. However, the full-length CRL1/ARL1 protein
did not show any significant activating activity on the
transcription of the reporter gene probably due to mask-
ing of the C-terminal activating domain by the N-
terminal LOB domain [13]. The distinct abilities of
full-length maize RTCS and RTCL proteins and rice
CRL1/ARL1 protein on transcription control suggest
distinct mechanisms of LBD action even between
these closely related orthologues.

Crown root formation is regulated by the phyto-
hormone auxin as suggested by auxin-induced crown
root formation in rice and the inhibition of crown
root formation by the auxin transport inhibitor NPA
[11,40,41]. In Arabidopsis, it has been demonstrated
that in response to auxin, AtARF7 and AtARF19 directly
activate AtLBD16, AtLBD18 and AtLBD29 expression to
promote lateral root formation [42]. Similarly in rice, the
LOB domain protein OsCRL1, which is a positive regu-
lator for crown and lateral root formation, is a direct target
of an ARF protein [11]. The LOB domain gene Rtcs ana-
lysed here is an early auxin-inducible gene [6] and
displays several AuxRE motifs in its promoter. One of
these elements is the ARFAT motif 50 TGTCTC 30

[43] located close to the start codon. It was demonstrated
that ZmARF34 binds to this motif and functions as a
transcriptional activator in plant cells. Taken together,
these results suggested an activation of Rtcs expression
by ZmARF34. Remarkably, it was recently demonstrated
that ZmARF34 interacts with RUM1, a monocot-
specific AUX/IAA protein that controls seminal and lat-
eral root initiation in maize [35]. This might suggest
that ZmARF34 possibly functions as a general regulator
in maize embryonic seminal and postembryonic crown
and lateral root formation.

While the Arabidopsis proteins ARF7 and ARF19
function as transcriptional activators of downstream
LBD genes [14], the LOB domain gene AtAS2 directly
or indirectly represses its target gene AtARF3 [7]. In
this study, direct interactions of RTCS with the
ZmArf34 promoter and RTCS-dependent expression of
ZmArf34 was demonstrated. Repression of ZmArf34
expression in mutant rtcs coleoptilar nodes was consistent
with the role of RTCS as a transcription activator. Taken
together, these results suggest a mutual feedback loop
regulation of ZmArf34 and Rtcs transcription during
coleoptilar node development and crown root formation
in maize (figure 2f ). As the starting signal for crown root
formation, auxin induces the degradation of AUX/IAA
proteins so that ZmARF34 and some other ARFs activate
the expression of downstream targets such as RTCS. The
induced RTCS proteins bind to the promoter of ZmArf34
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and activate transcription. The fine-tuning of ZmARF34
levels promotes Rtcs expression, representing an ampli-
fied auxin-signalling cascade. This amplification
cascade resulting from the positive feedback loop of
ARFs and RTCS might be required for the formation
of multiple shoot-borne roots from the same node. As
shown in Arabidopsis, bHLH046 reduces the DNA-bind-
ing activity of AtLOB [9]. Similarly, a yet unknown factor
might inhibit the feedback loop of RTCS and ARFs later
in development, to control shoot-borne root initiation
from a specific node.

LOB domains contain C-terminal leucine zipper-like
sequences, required for homo and hetero-dimerization
with other proteins [37]. Yeast-two-hybrid experiments
employing constructs with a truncated C-terminal
domain to avoid self-activation of the proteins demon-
strated homo- and hetero-interactions of RTCS
and RTCL. Similarly, the rice homologue of RTCS,
CRL1/ARL1, formed homo-dimers in yeast [13]. In
contrast to the yeast-two-hybrid system, BiFC exper-
iments allow quantifying interactions with full-length
proteins and LOB domains in living plant protoplasts
[34]. In general, relative LOB domain homo- and
hetero-interactions in BiFC experiments were stronger
than those of full-length proteins suggesting that
the variable C-terminus might negatively influence the
interaction of LOB domain proteins. Among all inter-
actions tested in the BiFC system, RTCL full-length
proteins and RTCL LOB domains displayed the stron-
gest interaction. In contrast to the yeast-two-hybrid
results, neither RTCS full-length proteins nor the
RTCS LOB domains displayed significant interactions
at p � 0.05. These results might be explained by not
yet identified inhibitory plant-specific proteins not pre-
sent in yeast that interfere with RTCS–RTCS
interaction in BiFC experiments. Moreover, for full-
length RTCS constructs, again the inhibitory action of
the variable C-terminus of the protein might prevent
interactions. Finally, BiFC experiments suggested a
weak hetero-interaction of the LOB domains of RTCS
and RTCL, whereas no interaction was demonstrated
for the full-length proteins. The weak hetero-interaction
of the LOB domains of RTCL and RTCS and miss-
ing hetero-interaction of full-length proteins might
be explained by the distinct subcellular localization of
RTCS and RTCL, their unique tissue specificity [6],
inhibitory plant-specific proteins that might outcom-
pete RTCS, or inhibition by the variable C-terminus
for full-length proteins. Moreover, differences in
their leucine zipper sequence might reduce binding
affinity of RTCS and RTCL. The leucine zipper in the
C-terminal part of the LOB domain consists of five
hydrophobic amino acids, each separated by a stretch
of six amino acids [37]. The leucine zippers in RTCS
and RTCL are imperfect due to the replacement of
the first N-terminal amino acid by isoleucine in RTCS
and threonine in RTCL and the first C-terminal
amino acid by alanine in both instances.

In this study, it was demonstrated that RTCS,
which is a major regulator of crown root formation
in maize, displays typical attributes of a transcription
factor including nuclear localization, DNA-binding
and downstream gene activation. Moreover, it was
suggested that RTCS is involved in a regulatory
Phil. Trans. R. Soc. B (2012)
feedback loop involving ZmARF34 and that inter-
action between RTCS and its paralogue RTCL occurs.
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