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In plants, cell-to-cell communication is pivotal for the or-
chestration of cell fate determination, organ development, 
and the integration of whole plant physiology. One of the 
strategies for intercellular communication uses symplas-
mic communication channels, called plasmodesmata (PD). 
These PD establish unique cytoplasmic channels for the 
intercellular exchange not only of metabolites and small 
signaling molecules, but also of regulatory proteins and 
RNAs to allow for local orchestration of development and 
physiology. A number of non-cell-autonomous transcrip-
tion factors (NCATFs) have been shown to function in the 
coordination of specific regulatory networks. To further 
explore the potential of such NCATFs, a genome-wide 
screen was performed on the transcription factor (TF) 
families in Arabidopsis. We here report that, among the 76 
TFs examined, 22 were shown to move beyond their sites 
of transcription in the root apex; these NCATFs belonged 
to 17 TF families, including homeobox, GRAS, and MYB. 
Expression studies performed on variously-sized mCherry 
constructs identified a range of PD size exclusion limits 
within tissues of the root. In addition, our studies showed 
that actual protein level was an important factor control-
ling the range of TF intercellular movement. Interestingly, 
our studies on CAPRICE movement revealed tissue-speci-
ficity with respect to the mode of intercellular trafficking. 
These findings are discussed with respect to the regula-
tion between cell-autonomous or non-cell-autonomous action. 
 
 
INTRODUCTION 
 
Transcription factors (TFs) are proteins that contain a DNA-
binding domain(s) that recognizes specific sequences, thus 

controlling gene expression, a first step for the flow of genetic 
information from DNA to mRNA (Karin, 1990; Latchman, 1997; 
Mitchell and Tjian, 1989; Ptashne and Gann, 1997). Thus, tran-
scriptional regulatory networks controlled by TFs play pivotal 
roles in regulating cellular and biological activities. Activity of a 
TF in a certain cell/tissue, at a specific developmental stage, 
can be regulated at the transcriptional, post-transcriptional, 
translational and post-translational levels. Some important post-
transcriptional regulatory mechanisms include splicing, nucleo-
cytoplasmic mRNA export and miRNA- or nonsense-mediated 
RNA degradation (Conti and Izaurralde, 2005; Dhandapani et 
al., 2011; Hyun et al., 2011; Kidner and Martienssen, 2005; 
Sommer and Nehrbass, 2005; 2006; Wienholds and Plasterk, 
2005). Once an mRNA expression pattern is established, regu-
lation of protein translation (Mignone et al., 2002), cell-to-cell 
trafficking (Gallagher and Benfey, 2005; Kim, 2005), and nu-
clear localization (Schuller and Ruis, 2002) can control the 
protein level at the target site(s).  

In plants, intercellular and long-distance communication are 
essential processes for the coordination of plant development 
and physiology (Chen and Kim, 2006; Lough and Lucas, 2006). 
Plants have evolved various sophisticated strategies for inter-
cellular communication. Symplasmic intercellular trafficking of 
small signaling molecules, regulatory proteins and RNAs 
through plasmodesmata (PD) represents an important mecha-
nism to allow for the non-cell-autonomous control of plant de-
velopment (Cilia and Jackson, 2004; Gallagher and Benfey, 
2005; Lucas and Lee, 2004; Lucas et al., 1993; 2009; Maule, 
2008; Oparka, 2004; Zambryski and Crawford, 2000).  

Non-cell-autonomous transcription factors (NCATFs) can play 
an important role as intercellular messengers that coordinate 
specific cellular activities. For example, the maize homeobox 
transcription factor, KNOTTED1 (KN1), traffics cell to cell and  
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acts non-cell-autonomously to control cell fate within the maize 
vegetative meristem (Freeling and Hake, 1985; Jackson et al., 
1994; Kim et al., 2002; 2003; 2005; Lucas et al., 1995; Voll-
brecht et al., 1991). Furthermore, molecular studies performed 
on KN1 and its Arabidopsis homologs KNAT1/BP and STM 
established that the intercellular trafficking machinery required 
for cell-to-cell movement is conserved between maize (mono-
cots) and the eudicots (Kim et al., 2002; 2003; 2005; Lucas et 
al., 1995; Rim et al., 2009; Xu et al., 2011). Trafficking of 
KNAT1/BP proteins from their site of expression into neighbor-
ing tissues was shown to be essential to maintain epidermal 
differentiation that is required for normal plant architecture (Rim 
et al., 2009).  

Other well-characterized NCATFs include the floral homeotic 
proteins, LEAFY (Sessions et al., 2000; Wu et al., 2003), AGAM- 
OUS (Urbanus et al., 2010), DEFICIENS and GLOBOSA (Per-
bal et al., 1996), as well as TFs involved in root development, 
such as the Arabidopsis GRAS family member, SHORT ROOT 
(SHR) (Nakajima et al., 2001), CAPRICE (CPC), a Myb-like 
DNA-binding domain protein (Kurata et al., 2005; Wada et al., 
2002), basic helix-loop-helix proteins GLABRA 3 (GL3) and 
ENHANCED GLABRA 3 (EGL3) (Bernhardt et al., 2005). 

In a study conducted on Arabidopsis roots, Lee et al. (2006) 
reported that among 24 TFs tested, 6 showed protein domains 
that extended beyond their sites of transcription. The Arabidop-
sis genome contains some 2000 TFs (1922 loci, 2290 gene 
models) that have been classified into 64 families based on 
DNA binding domain homologies (Guo et al., 2005). Given the 
extent and diversity of these Arabidopsis TFs, the question 
arises as to whether individual families of TFs evolved the ca-
pacity to function non-cell-autonomously, or whether specific 
members within each family gained (or lost) this ability.  

To address this question, we performed a genome-wide screen 
to identify NCATFs using the GAL4-UAS trans-activation ex-
pression system, in combination with dual fluorescent reporter 
proteins, GFP and mCherry (RFP). In the current study, trans-
genic lines expressing more than 270 TFs were developed to 
screen for NCATFs; 76 transgenic lines exhibited detectable 
dual fluorescent signals and were used for further analysis. 
Based on these studies, 22 TFs, belonging to 17 TF families, 
were classified as NCATFs and sorted into three groups, de-
pending on the patterns of red fluorescence distribution within 
roots. Thus, approx. 29% of the tested TFs have the capacity to 
move beyond the cells in which they were transcribed. In addi-
tion, our studies indicated that protein size, subcellular localiza-
tion and relative protein level are important factors controlling 
intercellular movement of TFs. 
 
MATERIALS AND METHODS 

 
Plant material, culture conditions and plant transformation 
The J0571 enhancer trap plant line (GAL4/UAS::GFPer, Arabi-
dopsis thaliana ecotype C24) was used in all experiments 
(Birnbaum et al., 2003). Arabidopsis thaliana transcription factor 
fusion gateway constructs were introduced into Agrobacterium 
tumefaciens GV3101, and transformed into the J0571 enhan-
cer trap line using the floral dip technique (Clough and Bent, 
1998). Seeds were surface-sterilized for 5 min in a 20% (v/v) 
bleach solution and then placed on Petri dishes with 1x Mura-
shige and Skoog (MS) medium, pH 5.7, and 0.6% (w/v) plant 
agar. Plates were kept at 4°C for 5 days in the dark and then 
moved to a growth chamber where they were grown under 
long-day conditions (16:8 light:dark regime) at 20-24°C under 
fluorescent lighting and 55-65% relative humidity. Transgenic 
T1 seedlings were screened on MS medium containing 50 

µg/ml hygromycin B. Inserted TFs were identified by sequenc-
ing after PCR amplification using mCherry-mid-r primer (Bion-
eer, Supplementary Table S1).  
 
Gateway library construction and isolation of independent  
clones 
In order to express TF-mCherry fusions in the J0571 line, a 
basic gateway destination vector, pCCL293 carrying UAS::GW-
mCherry, was used (Rim et al., 2009). An entry clone library, 
including some 1,500 TFs, was employed to produce a UAS:: 
TF-mCherry destination vector library that was then used to 
transform Escherichia coli DH10B. Plasmids isolated from the E. 
coli library were transformed into Agrobacterium GV3101. Am-
plified DNA restriction analysis (ADRA) was used to obtain 
independent TF Agrobacterium clones. PCR products, ampli-
fied using attB1/attB2 primers, were digested using HaeIII and 
HhaI and digestion patterns were compared after agarose-gel 
electrophoresis. 
 
Plasmid cloning 
Construction of the UAS::mCherry (pCCL276) was as previ-
ously reported (Rim et al., 2009). UAS::mCherry-NLS (pRYG239) 
was produced by self-ligation after BsrGI digestion of pRYG240. 
UAS::mCherry-H2B (pCCL284) was produced by insertion of 
H2B ORF into the AvrII/KpnI sites of pCCL276. UAS::2emCherry 
(pRYG237) was constructed by insertion of an mCherry frag-
ment, produced by PCR, into the AvrII/SacI sites of pCCL276 
(UAS::mCherry). UAS::2xmCherry-NLS (pRYG240) was made 
by insertion of an mCherry ORF fragment into the AvrII/KpnI 
sites of pCCL284. UAS::GW-mCherry-H2B (pCCL306) was 
produced by insertion of the Gateway recombinant XhoI frag-
ment from pEarlygate103 at the SalI site of pCCL284. UAS:: 
2xmCherry-H2B (pRYG243) was constructed by LR reaction 
between pCCL306 and pEntry-mCherry. UAS::CPC-mCherry 
(pCCL281) was produced by insertion of the CPC ORF at the 
SalI site of pCCL276. UAS::CPCM78A-mCherry (pCCL282) was 
produced by site-specific mutation using the appropriate prim-
ers (Supplementary Table S1). All primers used for plasmid 
constructions are listed in Supplementary Table S1. 
 
Confocal laser scanning microscopy 
Fluorescent images of GFP and mCherry were obtained using 
a FluoView FV1000 confocal microscope (Olympus, Japan). 
Excitation and emission spectra in the GFP channel were at 
488 nm and 510-540 nm, respectively, and those for mCherry 
and propidium iodide (PI) were at 543 nm and 587-625 nm, 
respectively. Seven- to ten-day-old seedlings of the various 
transgenic plant lines were used for imaging.  
 
Software and web resources 
Classification of Arabidopsis TFs families was performed using 
the Database of Arabidopsis Transcription Factors (DATF) 
(http://datf.cbi.pku.edu.cn/). In silico expression analysis was 
performed using the Bio-Array Resource for Arabidopsis Func-
tional Genomics (BAR, http://142.150.214.117). 
 
RESULTS 

 
Genome-wide screening for non-cell-autonomous  
transcription factors 
To explore the extent to which Arabidopsis TFs have the poten-
tial for cell-to-cell movement, we conducted a large-scale screen 
involving TFs selected to cover the majority of families in the 
Arabidopsis genome. Open reading frames (ORFs) of TF 
cDNAs were cloned, in-frame, upstream of mCherry and these 
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fusions were then expressed under the control of the Upstream 
Activation Sequence (UAS) of the GAL4 TF in a background of 
the Haseloff J0571 enhancer trap Arabidopsis line (Birnbaum et 
al., 2003; http://www.arexdb.org/db). The J0571 line shows 
trans-activation of ER-localized GFP (GFPer) by a chimeric 
GAL4/VP16 TF under the control of enhancer(s) that drive ex-
pression in stomata and mesophyll cells in leaves (Supplemen-
tary Fig. S1) and cortical and endodermal cells in roots (Fig. 1, 
left panels). Thus, green fluorescent cells indicate the cellular 
origin of TF-mCherry expression. Any TF-mCherry fusion that 
moved beyond the cortical and endodermal cells was defined 
as a NCATF in this experimental system. 

Over 1500 TF ORFs, in Gateway pEntry plasmids, were 
used to generate a plant expression library (UAS::TF-mCherry); 
more than 800 independent Agrobacterium clones, sorted by 
ADRA, were used for transformation of the Arabidopsis J0571 
line. UAS::mCherry was used as a control in these experiments. 
At least 10 independent transgenic T1 plants for over 270 inde-
pendent clones were examined for TF-mCherry expression in 
the root tip. Transgenic lines originating from 76 TF clones 
showed measurable level of mCherry fluorescence and were 
further evaluated in the current study. This reduction in number 
of TFs from 270 to 76 likely reflects the nature of these proteins 
in terms of their overall level and stability.  

First, we examined whether the mCherry (27 kDa) reporter 
could move out from the cortical/endodermal layers in the root 
tip. The J0571 line carrying a UAS::mCherry reporter construct 
showed GFPer expression only in the cortical and endodermal 

layers, but red fluorescent signal throughout the entire root tip, 
including the epidermis, stele and root cap (Figs. 1A-1C; Rim et 
al., 2009). Thus, the free form of mCherry could move from its 
sites of synthesis (Fig. 1A) into all tissue types throughout the 
root tip. This finding suggested that the PD interconnecting the 
majority of root cells have size exclusion limits (SELs) that are 
greater than 27 kDa.  

Based on this root screening system, TFs were classified into 
four groups depending on the observed TF-mCherry fluore-
scent patterns. Group I represented cell-autonomous TFs, as 
they had red fluorescent signal confined to the same cells as 
that for GFPer. A representative image (AT2G02820) and list of 
group I TFs is shown in Figs. 1D-1F, Supplementary Fig. S2 
and Table S2, respectively. Groups II-IV contained 22 NCATFs 
belonging to 17 TF families (Table 1), including ERF/AP2, DOF 
zinger finger, homeobox, Alfin-like, MADS-box, ARF, CCCH-
type zinc finger, MBF1, GATA, TCP, zinc finger-HD, GRAS, 
AS2, myc/bHLH, MYB, bZIP, and MYB-related. The theoretical 
molecular weights for these NCATFs range from 11 to 49.  

The group II TFs displayed red fluorescence in the inner stel-
lar cells as well as signal in the cortex and endodermis (ground 
tissues). However, red fluorescence was not detected in either 
the epidermis or the root cap, including the lateral cap cells 
(Figs. 1G-1I, Supplementary Fig. S3). Group II TFs included 
STM, AL4, IAA9, MSC12.23, ZML2, SCL23, LBD4, and ALC. 
Group III TFs exhibited red fluorescent signal on both sides of 
the ground tissue, including the epidermis and stele. In these 
cases, the signal showed a sharp gradient between lateral root  

Fig. 1. Three cellular patterns observed for TF-

mCherry movement in Arabidopsis root tissues. (A-C)

Fluorescent pattern observed when mCherry was

expressed in cortical/endodermal cells. Note that in

this control experiment, mCherry was able to move

throughout all root tissues (Rim et al., 2009). (D-F)

Group I TFs were classified as cell-autonomous since

the cellular patterns of mCherry and GFPer signals

were identical. (G-I) Group II TFs showed multi-cell-

layered movement into the stele, but movement out-

ward into the epidermal or lateral root cap cells was

not observed. (J-L) Group III TFs were detected in the

entire root tip except for the distal root cap cells. (M-

O) Group IV TFs were detected in the entire root tip,

including the lateral and distal root cap cells. Co,

cortex; En, endodermis; Ep, epidermis; Lc, lateral cap

cell; QC, quiescent center; St, stele. Bar in (O) is

common to all images and equals 20 µm. 
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Fig. 2. Protein size and subcellular localization affect intercellular 

movement. Capacity of mCherry to move symplasmically within the 

root apex was probed using differently-sized reporters, with or with-

out a nuclear localization signal (NLS). (A-C) mCherry, (D-F) 2x 

mCherry, (G-I) 2xmCherry-NLS, (J-L) mCherry-NLS, (M-O) mCherry- 

H2B, (P-R) 2x mCherry-H2B. Co, cortex; En, endodermis; Ep, epi-

dermis; Lc, lateral cap cells; St, stele. Bar in (R) is common to all 

images and equals 20 µm. 
 
 
cap cells and the epidermis; but, at a low frequency, a weak 
signal could be detected within some lateral root cap cells. 
However, red fluorescence was not detected in the lower root 
cap cells; in some cases, signal was observed in the columellar 
initials located immediately beneath the cells of the quiescent 
center (QC) (Figs. 1J-1L, Supplementary Fig. S3). Group III 
TFs included ADAP, AtDof1.7, HRD, AtDof4.1, WOX13, AGL31, 
HAP5C, TCP8, AtHB25, AtbZIP53, and AGL70. Group IV TFs 
behaved like free cytosolic mCherry, with red fluorescent signal 
being detected throughout the entire region of the root tip (Figs. 
1M-1O, Supplementary Fig. S3). Group IV TFs included T22J18.2, 

MBF1A and CPC that have relatively low molecular mass (11-
16 kDa).  
 
Protein size and subcellular localization affect intercellular  
movement 
Within the list of identified NCATFs were STM, CPC and 
SCL23 that were earlier suggested to move through PD by a 
selective trafficking pathway (Gallagher and Benfey, 2009; Kim 
et al., 2005; Kurata et al., 2005). However, other NCATFs, like 
LFY have been suggested to move cell to cell via a diffusion-
based non-selective mode in which the NCATF does not need 
a direct interaction with PD components (Wu et al., 2003). In 
this regard, mCherry is an example of non-selective/diffusion-
based movement. The size of the non-cell-autonomous protein 
and its subcellular localization were proposed as important 
factors controlling such diffusion-based cell-to-cell protein 
movement (Crawford and Zambryski, 2000).  

To ascertain the extent to which the identified NCATFs might 
move via the diffusion-based pathway, we next employed vari-
ous mCherry fusions carrying different molecular masses, a 
nuclear localization sequence and combinations therein. In 
contrast to mCherry which could move throughout all tissues of 
the root (Figs. 2A-2C), 2xmCherry behaved as Group III NCATFs, 
in that red fluorescent signal was detected in epidermal and 
stellar cells (Figs. 2D-2F). However, signal intensity was much 
higher in the stele compared to the epidermis, consistent with 
TF-mCherry patterns (compare group II and group III TFs; Figs. 
1G-1I and Figs. 1J-1L). The absence of 2xmCherry from the 
distal root cap likely reflects a PD imposed limit on the diffusion 
of this reporter.  

The influence of sub-cellular compartmentalization on mCherry 
movement was next investigated using reporters carrying a 
nuclear localization signal (NLS). The cellular distribution of 
mCherry-NLS was affected only in terms of movement into the 
distal root cap cells (Figs. 2J-2L). In contrast, the 2xmCherry-
NLS displayed a pattern similar to that of group I NCATFs, 
except that weak signal could still be detected in the pericycle 
(Figs. 2G-2I). The role of protein anchoring was next explored 
using an H2B fusion protein; this would result in sequestration 
of mCherry within nuclei. Interestingly, both mCherry-H2B and 
2xmCherry-H2B displayed fluorescent patterns equivalent to 
the group I TFs (Figs. 2M-2R); i.e, strong binding to H2B re-
duced the level of mCherry within the cytoplasm to such an 
extent that movement was prevented (compare Figs. 2L and 
2O).  
 
Identified NCATFs are expressed in root tissues 
The Arabidopsis J0571 line used in the current study drives 
expression of the GFPer reporter in cortical and endodermal 
cells of the root. Ectopic expression of a TF might result in artifi-
cial intercellular movement of the protein because of a lack of 
endogenous tethering agents, such as protein-protein interac-
tion, or incorrect subcellular localization. To strengthen the bio-
logical significance of the NCATFs identified in our screen, we 
next examined whether they were expressed in root tissues, 
using available expression data (Supplementary Fig. S5 and 
Table S3).  

As STM, a class I KNOTTED-like protein, is expressed spe-
cifically in the shoot apical meristem (Long et al., 1996), we 
reasoned that the expression value measured for STM in the 
root could be used as a base line for gene expression in this 
tissue (Supplementary Table S3). Only AGL31 showed lower 
values than those for STM in the endodermis+cortex. Expres-
sion patterns and intensities for the other identified NCATFs 
were variable, but they all had higher levels of expression rela-  
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Fig. 3. Protein expression level acts as an important factor in de-

termining the extent of intercellular NCATF movement. (A-C) High 

level of CPC-mCherry expression in the cortex/endodermis was 

correlated with extensive movement into epidermal and stellar tis-

sues, with less movement into the distal root cap. (D-F) Intermedi-

ate level of CPC-mCherry expression gave an equivalent pattern, 

except that CPC-mCherry was absent from cells of the distal root 

cap. (G-I) Low level of CPC-mCherry expression appeared to favor 

movement into the stele. (J-L) CPC
M78A

-mCherry, a mutant that 

cannot move between epidermal cells, was observed to move 

throughout the root apex (J), mature zone of the root (K) and young 

leaves (L). Co, cortex; En, endodermis; Ep, epidermis; St, stele. Bar 

in (L) is common to all images and equals 20 µm. 
 
 
tive to STM. We noted that, in particular, T22J18.2, AtDof4.1 
and SCL23 showed the highest expression levels in endoder-
mal and cortical cells compared to the neighboring tissues of 
the epidermis and stele, which was recapitulated by our J0571 
expression system. Based on these comparative studies, we 

concluded that the NCATFs identified using our current screen-
ing system most likely represent authentic movement capacity 
within the context of their endogenous transcriptional networks.  
 
Protein level as a factor controlling extent of intercellular  
movement 
The J0571 is a stable enhancer trap line that drives strong ex-
pression of reporters; however, its retransformation with UAS:: 
CPC-mCherry produced transgenic lines having a range of 
different fluorescent signal strengths. Careful inspection of the 
pattern of red fluorescent signal in such transgenic lines estab-
lished a correlation between expression level and extent of 
movement. For example, transgenic lines showing strong levels 
of CPC-mCherry expression had red fluorescent signal in all 
tissues, including root cap cells (Figs. 3A-3C), whereas lines 
with lower levels of expression had little or no detectable signal 
in the root cap cells (Figs. 3D-3I). Interestingly, under low levels 
of CPC-mCherry expression, movement occurred preferentially 
into the stele (Figs. 3G-3I). These results clearly established 
that the protein level can act as an important factor in determin-
ing both the range and preferred direction of NCATF movement. 
 
Tissue specificity in protein intercellular movement 
Earlier studies demonstrated that CPC traffics in a tissue-
specific manner, in that CPC-GFP was shown to move be-
tween epidermal cells; it can move from atrichoblasts to 
trichoblasts and vice versa. However, when expressed in cells 
of the stele, using the SHR promoter, CPC-GFP was unable to 
traffic into endodermal/cortical cells (Kurata et al., 2005). This 
suggested a selectivity of CPC movement between different 
cell layers as well as a directional movement in the same endo-
dermal and pericycle cell boundary. Furthermore, a selective 
mode for CPC movement between epidermal cells was sup-
ported by the fact that CPC carrying a specific mutation 
(CPCM78A) retained its function but was defective in cell-to-cell 
movement (Kurata et al., 2005). To test whether CPCM78A was 
also dysfunctional in movement from endodermal/cortical cells, 
UAS::CPCM78A-mCherry was introduced into J0571 plants. 
Surprisingly, we detected extensive CPCM78A-mCherry move-
ment throughout the root tip, mature root and between leaf 
epidermal cells (Figs. 3J-3L). This finding suggests that strong 
expression of CPCM78A-mCherry may have overcome its defect 
in terms of interacting with the PD machinery required for its 
cell-to-cell trafficking. Alternatively, CPCM78A-mCherry might 
move cell to cell by diffusion when expressed in the J0571 plant 
line (cortex, endodermis, QC). In support of this notion, we 
observed that CPCM78A-mCherry still moved out from its site of 
synthesis even when it was being expressed at relatively low 
levels (Supplementary Fig. S4).  
 
DISCUSSION 

 
World of NCATFs: Genome-wide screening of NCATFs  
Using the J0571 line, in combination with the GAL4-UAS ex-
pression system allowed us to screen a population of Arabi-
dopsis TFs to identify those capable of movement beyond their 
sites of synthesis.  Based on our screen, some 22 among 76 
TFs were found to be non-cell-autonomous in nature (Fig. 1, 
Supplementary Fig. S3 and Table 1). Interestingly, these data 
indicate that, of the 76 TFs investigated, 29% are NCATFs, a 
value similar to that reported by Lee et al. (2006); i.e., 6 
NCATFs out of a total of 24, or 25%. It is important to note that 
Lee et al. (2006) employed endogenous promoters to analyze 
the movement potential of their 24 TFs. Although we used an 
enhancer trap system, our in silico expression analysis indi- 
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Table 1. Non-cell-autonomous transcription factors identified in this 

study. 

Locus  

(AGI ID) 
Alias (Gene name) Family 

MW 

(kDa)
a Group

AT1G62360 STM, SHL, BUM1 HB 42.8 II 

AT5G63260 MDC12.23 C3H 48.6 II 

AT1G51600 ZML2, TIFY2A, ZIM 33.1 II 

AT5G41920 SCL23 GRAS 44.9 II 

AT1G31320 LBD4 AS2 18.7 II 

AT5G67110 ALC, bHLH073 bHLH 23.0 II 

AT5G26210 AL4 Alfin 28.8 II 

AT5G65670 IAA9 AUX-IAA 36.4 II 

AT1G16060 ADAP AP2-EREBP 39.2 III 

AT4G00940 AtDof4,1 C2C2-Dof 33.4 III 

AT4G35550 HB-4, WOX13 HB 29.7 III 

AT5G65050 AGL31, MAF2 MADS 22.1 III 

AT1G08970 HAP5C, NF-YC9 CCAAT-HAP5 25.6 III 

AT5G65410 AtHB25, ZFHD2 ZF-HD 31.1 III 

AT5G65060 

 

FCL3, MAF3, 

AGL70 

MADS 

 

22.1

 

III 

 

AT1G51700 AtDof1. 7, ADOF1 C2C2-Dof 21.7 III 

AT2G36450 HRD AP2-EREBP 19.8 III 

AT1G58100 TCP8 TCP 42.5 III 

AT3G62420 AtbZIP53 bZIP 16.8 III 

AT2G46410 CPC MYB-related 11.4 IV 

AT1G22810 T22J18.2 AP2-EREBP 15.8 IV 

AT2G42680 MBF1A MBF1 15.6 IV 

aMW, calculated theoretical molecular weight 

 
 
cated that 20 of the 22 identified NCATFs are express within 
the endodermis and cortex (Supplementary Fig. S5 and Table 
S3). This indicates that these NCATFs likely function within the 
system employed for our screen. 

A clear possibility exists that we failed to identify additional 
NCATFs whose movement may be regulated in a tissue-  

specific or development-specific manner. For example, some 
NCATFs may move only in leaf tissues or in the shoot apical 
meristem. Furthermore, TFs whose stability or level of protein 
expression may be differentially regulated within specific cell 
types could easily have escaped identification as NCATFs. In 
contrast, a number of the identified NCATFs may have moved 
cell to cell due to the strong promoter used in the current study, 
as exemplified by our CPC-mCherry results (Fig. 3).  
 
Patterns of NCATF movement do not correlate with protein  
size 
Our findings, using variously-sized mCherry reporters, allowed 
us to establish a map of PD SELs for the different tissues of the 
root tip (Fig. 4A). The cellular boundaries having the highest PD 
SEL appear to be located between the endodermal/pericycle, 
pericycle/inner stellar cells, and cortical/epidermal cells, where 
the limit for diffusion appears to be on the order of 60 kDa. In-
terestingly, group II-IV NCATFs were able to move across these 
same cellular boundaries; however, 7 out of the 22 NCATFs had 
molecular weights above this upper limit of the PD SEL. Hence, 
these 7 NCATFs most probably move using the selective cell-
to-cell trafficking pathway, whereas the remaining 15 NCATFs 
could traffic either by diffusion or on this same selective path-
way. It is also of interest to note that all 22 NCATFs have pre-
dicted molecular mass in the range of 11-49 kDa and, hence, in 
their endogenous settings, potentially they could all move into 
the epidermal and stellar cells via the diffusion pathway. Further 
experiments will be required to ascertain the actual mode used 
by each of these NCATFs.  

In contrast to the group III and group IV NCATFs, those in 
group II appeared to engage in preferential movement from the 
cortex/endodermis into the cells of the stele (Figs. 1G-1I). Again, 
these group II NCATFs varied in size from 45.7 to 75.6 kDa 
(TF-mCherry fusions), and 4 were above the ~60 kDa PD SEL, 
thus these larger NCATFs would likely move via the selective 
trafficking pathway. However, although the remaining members 
have molecular weights below this PD SEL, the most plausible 
explanation for their directional movement would be that they 
too move cell to cell via the selective trafficking pathway. Finally, 
it is interesting to note that the group IV NCATFs were all rela-
tively small (11.4 to 15.8 kDa) and had the greatest range of 
movement (Figs. 1M-1O). These characteristics are consistent 
with a diffusion based mechanism of cell-to-cell movement;  

 
 
A                             B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Schematic illustrating a map of plas-

modesmal size exclusion limits and NCATF

trafficking domains within the Arabidopsis

root apex. (A) High plasmodesmal SELs (54

kDa) present between the stellar/endodermal

and cortical/epidermal cellular boundaries.

Based on the movement of 2x mCherry-NLS,

the plasmodesmal SEL at the endodermis/

pericycle cell boundary is ~60 kDa, whereas

between cells of the cortex and QC and the

distal root cap cells the SEL is >27 but <54

kDa. (B) Trafficking domains established for

group II-IV NCATFs. Arrows indicate the di-

rection and thickness reflects the level of

signal crossing the indicated cellular bounda-

ries. En, endodermis; Ep, epidermis; Lc,

lateral cap cell; Pe, pericycle; QC, quiescent

center; St, stele. 
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however, one member, CPC was earlier shown to engage in 
selective trafficking within the epidermal cell layer (Kurata et al., 
2005). So again, the size of a NCATF cannot be used as a 
predictor of the mechanism underlying cell-to-cell movement. 
 

Evolutionary aspect related to key factors controlling  

intercellular TF movement 

Plants have evolved TFs that function cell-autonomously as 
well as those that have the capacity to move through PD, via 
either a diffusion-based, non-selective mechanism or a selec-
tive pathway. We have reasoned that, based on the steps that 
occurred during the process of evolving from simple algal PD 
(lacking a centrally-located ER) to highly complex PD, initially, 
all TFs were likely non-cell-autonomous in nature (Lucas et al., 
2009). Although the ER insertion in the center of PD would 
have dramatically diminished the capacity of TFs to diffuse 
through this cytoplasmic sleeve, to further develop cell-auto-
nomous TFs, several strategies likely were employed. 

First, protein size, or more precisely the Stokes radius of pro-
teins may have undergone an increase to block their free diffu-
sion through PD. As with earlier studies based on GFP, in-
creasing the molecular weight of mCherry, through the forma-
tion of fusion proteins, dramatically reduced cell-to-cell move-
ment of these reporter proteins (Fig. 2; Crawford and Zambryski, 
2000; Kim et al., 2002). Next, complex formation by protein-
protein interaction could also have resulted in a size increase, 
or tethering within the cytoplasm to prevent trafficking through 
PD. 

The SCR is an example of a TF that may well have under-
gone the transition from a non-cell-autonomous to cell-
autonomous protein. During the present study, we identified a 
SCL23 putative TF (group II, AT5G41920) that has the capacity 
to move cell to cell within the root (Supplementary Fig. S2). This 
44.9 kDa protein is comprised almost entirely of the GRAS 
domain that is conserved between SHR and SCR. Importantly, 
this GRAS domain was shown to be essential for non-cell-
autonomous movement (Gallagher and Benfey, 2009). Com-
pared to either SHR or this SCL23 protein, SCR has an N-
terminal extension that is reported to be involved in preventing 
protein movement. This block on protein trafficking could be 
related either to an increase in size or to the formation of a pro-
tein whose structure cannot interact with the PD machinery 
involved in SHR/SCL23 trafficking. 

Strong protein sequestration within a cellular compartment, 
such as the nucleoplasm, may have been another mechanism 
to reduce the probability for TF cell-to-cell movement. In the 
current study, we clearly demonstrated that attaching an NLS to 
mCherry reduced the extent of intercellular movement within 
the root tip (Figs. 2I and 2L). Further, addition of a functional 
H2B drastically reduced the cell-to-cell movement of the 
mCherry-H2B, due to its binding to DNA (Fig. 2O).  

Other mechanisms that could have contributed to cell-
autonomous TF function are controlling the protein level through 
either promoter activity or protein turnover. In this scenario, 
although the TF may be able to move, its low level within 
neighboring cells may not be sufficient to activate gene tran-
scription. In this regard, it is interesting to note that of the 276 
TFs tested in this study, only 76 showed detectable levels of 
mCherry signal. This could reflect either the intrinsic instability 
of the majority of these TFs or a lack of the protein machinery 
necessary for function. Here, it is important to note that most of 
the 55 group I cell-autonomous TFs were found to have very 
low levels of TF-mCherry fluorescent signal (Supplementary Fig. 
S2). Further, there was no apparent correlation between the 
observed levels of protein and endogenous gene expression in 

the root. For example, AT1G01010 mRNA level was almost 10 
fold higher than that of AT5G16560, but its protein level was 
even lower (Supplementary Fig. S2 and Table S4). These find-
ings suggest that the proteins for at least some members 
among these group I TFs are being rapidly turned over. In 
terms of regulating the TF level, closely controlling the turnover 
of these proteins may be an additional important evolutionary 
strategy to convert NCATFs into functional cell-autonomous 
TFs. Finally, as the identified NCATFs were not confined to 
specific gene family, but rather were broadly distributed across 
most of families examined in this study, it would appear this 
capacity arose independently on many occasion, or it was the 
common mode of function in early land plants. 
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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