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Cell-to-cell communication is crucial for multicellular devel-
opment, and in plants occurs through specialized channels called 
plasmodesmata (PD). In our recent manuscript1 we reported the 
characterization of a PD trafficking mutant, ‘gfp arrested traf-
ficking 1’ (gat1), which carries a mutation in the thioredoxin-m3 
(TRX-m3) gene. gat1 mutants showed restricted GFP transport 
from the phloem to the root meristem that appears to result 
from structural modifications in the PD channel. We found 
accumulation of reactive oxygen species (ROS) and callose, as 
well as a reduction in starch granules in the gat1 root meristem. 
Application of oxidants to wildtype plants and expression of our 
GFP reporter in the mutant root meristemless 1 (rml1) mimic 
the gat1 phenotype. Our results suggest that mutations in GAT1 
cause ROS accumulation and induce the biosynthesis of callose, 
which in turn block PD transport. Therefore, we propose a 
model whereby GAT1/TRX-m3 is a component of a redox-regu-
lated pathway that maintains PD permeability in Arabidopsis 
meristems.

Introduction

Plasmodesmata (PD) are channels that mediate symplasmic 
communication between plant cells. They facilitate the intercellular 
movement of viruses, metabolites, proteins and RNAs.2-4 PD also 
connect companion cells (CC) and sieve elements (SE) mediating 

the phloem loading and unloading of molecules transported from 
the source into the sink tissues.5 Although the screening for PD 
mutants has been pursued by different strategies, few mutants have 
been isolated suggesting that interference with symplasmic conti-
nuity is highly detrimental to plant development.6,7

The transport through PD is in part regulated by the deposi-
tion of callose in the channel.8-10 Callose is produced in the cell 
wall by callose synthases and its synthesis is regulated according to 
cell type and environmental conditions.11 Callose accumulation is 
induced in oxidative conditions and as part of the defense response 
to biotic and abiotic stresses.12-14 Alternatively, ADP-glucose 
pyrophosphorylase (AGPase), a key enzyme in starch biosynthesis, 
is activated in reductive conditions.15 This evidence suggests that 
cell redox homeostasis might play an important role in the regu-
lation of carbon partitioning between growth or stress response 
processes (cellulose/callose production) and carbon storage (starch 
production).11,16

Reactive Oxygen Species (ROS) are generated in the plant as a 
by-product of photosynthesis and photorespiration.17 Oxidative 
damage by accumulation of ROS is prevented by an efficient 
antioxidant system.18 At lower concentrations, ROS function in 
signaling pathways that regulate plant development in response 
to physiological and environmental cues.19 Although several 
reports highlight a connection between generation of ROS and 
the production of callose,12,16 little is known about the mecha-
nism that mediates this process and its potential significance in 
regulation of PD transport. In our recent manuscript we char-
acterized ‘gfp arrested trafficking 1’ (gat1, pronounced “gate”): a 
PD trafficking mutant defective in the plastidial thioredoxin-m3 
(TRX-m3).1 Thioredoxins regulate the redox activation/inactiva-
tion of metabolic and antioxidant proteins.20,21 We propose a role 
for this thioredoxin in a mechanism that maintains a high level of 
cell-cell communication in sink tissues by modulating the produc-
tion of callose in the PD.

*Correspondence to: David Jackson; Cold Spring Harbor Laboratory; Delbruck; 1 
Bungtown Rd.; Cold Spring Harbor, NY 11724 USA; Tel.: +1.5163678467; Fax: 
+1.5163678369; Email: jacksond@cshl.edu

Submitted: 05/12/09; Accepted: 05/13/09

Previously published online as a Plant Signaling & Behavior E-publication: 
http://www.landesbioscience.com/journals/psb/article/8992

Addendum to: Benitez-Alfonso Y, Cilia M, San Roman A, Thomas C, Maule A, 
Hearn S, et al. Control of Arabidopsis meristem development by thioredoxin-
dependent regulation of intercellular transport. Proc Natl Acad Sci USA 2009; 
106:3615–20; PMID: 19218459; DOI: 10.1073/pnas.0808717106.

Article Addendum

Redox homeostasis regulates plasmodesmal communication in 
Arabidopsis meristems
Yoselin Benitez-Alfonso and David Jackson*

Cold Spring Harbor Laboratory; Cold Spring Harbor; New York, NY USA

Abbreviations: PD, plasmodesmata; ROS, reactive oxygen species; gat, ‘gfp arrested trafficking’; TRX, thioredoxin; CC, companion 
cells; SE, sieve elements; AGPase, ADP-glucose pyrophosphorylase; SUC2, SUCROSE-H+SYMPORTER2; rml1, root meristemless 1; 
NADP-MDH, NADP-malate dehydrogenase; FBPase, fructose-1,6-bisphosphate phosphatase; 2-Cys Prx, 2-Cys peroxiredoxin; FNR, 
ferredoxin-NADP+ reductase; FTR, ferredoxin-thioredoxin reductase

Key words: transport, thioredoxin-m3, plasmodesmata, meristem, development, reactive oxygen species

www.landesbioscience.com Plant Signaling & Behavior 655



Redox regulation of intercellular transport

656 Plant Signaling & Behavior 2009; Vol. 4 Issue 7

Thioredoxin-m3 Regulates PD Transport in Arabidopsis 
Meristems

gat1 was isolated in a genetic screen to identify mutants 
defective in transport of green fluorescent protein (GFP), using 
a starter line expressing GFP from the phloem CC specific 
SUCROSE-H+SYMPORTER2 (SUC2) promoter. Wildtype plants 
show diffusion of the GFP reporter protein out of the phloem 
into the shoot and root meristems.22 The mutants isolated in the 
screen showed a reduction in GFP transport out of the phloem 
(Fig. 1A–E). Most mutants (gat1, 2, 4 and 5) are seedling lethal, 
indicating that, as expected, phloem transport is essential for seed-
ling development.

Further characterization of the gat1 developmental phenotype 
revealed defects in meristem maintenance. We also found that PD 

in the gat1 root meristem were sometimes branched or occluded, 
suggesting a reduced transport capability. Therefore, we proposed 
that GAT1 regulates PD permeability and this regulation is 
essential for meristem development. Positional cloning followed 
by complementation analysis indicated that GAT1 encodes the 
predicted thioredoxin TRX-m3 (At2g15570). Although devoid 
of any mutation in the coding and promoter regions, methylation 
profiling of the original gat1 allele indicated that the mutant allele 
was hypermethylated. Additional gat1 alleles also showed restricted 
transport and developmental defects, confirming that mutations in 
TRX-m3 led to the observed trafficking phenotype.

Interestingly, ectopic expression of GAT1 in mature leaves 
enhanced GFP diffusion, indicating that GAT1 is not only 
necessary, but also sufficient, to regulate intercellular transport. 
These transgenic plants also exhibited late flowering and delayed 
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Figure 1. GFP transport, staining of ROS and callose in wildtype, gat and rml1 mutants. (A–F) Confocal images of root apices expressing cytoplasmic 
GFP driven by the SUC2 promoter from wildtype (wt) and mutants (gat1, gat2, gat4, gat5 and rml1) seedlings. Note that GFP diffuses out of the phloem 
(P) into the root meristem in wildtype seedlings but not in the mutants. (G–L) show diamino benzidine staining of ROS in the roots of wildtype and the 
mutant seedlings. (M–R) show aniline blue staining of callose in the roots of wildtype and the mutant seedlings. Note that the mutants accumulate higher 
levels of ROS and callose. Scale bar = 20 μm.
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tissues.25 We propose that the defects in meristem maintenance 
that lead to the arrest of growth, and ultimately lethality in gat1, 
are a consequence of an impaired regulation in carbon allocation 
and partitioning. This physiological function of GAT1 might be 
executed by reductive activation/inactivation of plastidial enzymes 
that participate in starch metabolism. This redox modulation of 
carbon metabolism might affect sugar signaling pathways since it 
has been shown that sugar and thiol-disulfide signals may share 
common metabolic targets.26 However, further proteomic studies 
to identify specific targets of TRX-m3 in meristems will be needed 
to elucidate this pathway.

Based on our results, we propose a model that links the loss of 
GAT1/TRX-m3 with altered carbohydrate metabolism and perme-
ability of PD channels (Fig. 2). In physiological conditions, it has 
been shown that sucrose transported by the phloem to the sink 
tissues activates the reduction of TRX-m by a NADPH-FNR-FTR 
pathway.20,21,27 Reduced TRX participates in the reductive regula-
tion of metabolic enzymes and in ROS detoxification mediated by 
reductants (antioxidants).20,21,27 We propose that loss of GAT1/
TRX-m3 blocks ROS scavenging and inactivates essential proteins 
involved in metabolic processes required for normal development 
(such as carbon storage). The resulting oxidative environment and 
changes in metabolic activity induce the synthesis of callose by 
callose synthases (CALS) as described in other instances.11,12,14,16 
Alternatively, TRX-m3 may regulate unidentified target proteins, 
which are involved in an early step of callose metabolism, or 
produce signaling molecules that (directly or by regulation of gene 
expression) activate this process. Deposition of callose plugs the 
PD channels and blocks symplasmic unloading as indicated by 
restricted GFP diffusion (Fig. 2).

Concluding Remarks

Our results indicate that GAT1 (TRX-m3) is necessary and 
sufficient to control intercellular PD transport, most likely via 
a redox dependent mechanism that modulates callose produc-
tion and deposition in PD channels. Loss of GAT1 or its ectopic 
expression resulted in severe developmental phenotypes, indicating 
that this mechanism is critical for normal plant development. The 
recent identification of PD-localized proteins that bind callose and 
regulate its deposition in the channel8,28 also support the role of 
callose as a key component in PD regulation. The redox regulation 
of callose metabolism by GAT1/TRX-m3 appears to be essential 
to maintain cell-cell communication in meristems. Further efforts 
will be required to identify TRX-m3 target proteins and to clone 
other trafficking mutants exhibiting defective redox phenotypes 
in order to elucidate additional players in this novel regulatory 
mechanism.
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senescence phenotypes, indicating that altered PD transport might 
affect these developmental transitions. Together, these results 
suggest that GAT1 plays a role in the regulation of intercellular PD 
transport that is critical for the maintenance of stem cell popula-
tions and developing tissues.

Exposing Plants to Oxidative Conditions Mimics the gat1 
Phenotype

Thioredoxins are proposed to function in the post-translational 
regulation of target proteins that participate in different metabolic 
processes or act as antioxidants.20,21 The finding that gat1 mutants 
accumulate ROS in the root tip provides an interesting link 
between regulation of intercellular transport and cell redox homeo-
stasis (Fig. 1H). Moreover, the exogenous application of oxidants 
to wildtype plants expressing pSUC2-GFP, and the expression 
of this reporter in root meristemless 1 mutants (rml1), which are 
defective in the synthesis of the antioxidant glutathione23 (Fig. 
1F), phenocopied the gat1 trafficking defects. These results 
suggest that the transport and developmental defects observed in 
gat1 are linked to an abnormal accumulation of ROS. However, 
antioxidant treatments (reduced glutathione, dithiothreitol or 
sodium ascorbate) were unable to rescue the gat1 GFP trafficking 
phenotype (unpublished results), suggesting that the mechanism 
that triggers PD modification in the gat1 mutants occurs early 
in development and may be irreversible at the time of treatment 
(during germination).

Since callose has been associated with reduced PD permeability 
in mature tissues, and the synthesis of this polymer is dependent 
on oxidative conditions, we assayed callose accumulation in gat1, 
rml1 and oxidant-treated seedlings and found that in each case its 
accumulation was enhanced in the root meristem (Fig. 1M, N and 
R). Additional trafficking mutants isolated in our screen (gat2, gat4 
and gat5) also showed increased ROS production and callose depo-
sition in the root tip (Fig. 1I–K, O–Q). Therefore, these mutants, 
together with gat1 and rml1, might be part of the same or a similar 
pathway controlling symplasmic unloading in the root meristem 
via oxidative regulation of callose metabolism.

Hypothesis: GAT1 Plays a Physiological Role in the Redox-
Dependent Metabolic balance of Sink Tissues

In contrast to the other Arabidopsis m-type thioredoxins, 
TRX-m3 is most highly expressed in non-green plastids located 
in meristems and in the vasculature. In addition, TRX-m3 does 
not exhibit in vitro affinity or activity with standard substrates 
(NADP-MDH, FBPase or 2-Cys Prx) and cannot complement 
the yeast thioredoxin-null mutant phenotype.24 These evidences 
suggest that TRX-m3 may have a specialized function in regulating 
the activity of distinct targets.

The reduced number of starch granules found in gat1 columella 
cells and the partial rescue by sucrose addition support a role for 
GAT1/TRX-m3 in the regulation of starch metabolism and/or in 
the phloem transport of sucrose into the Arabidopsis root. The 
transport (and storage) of photo-assimilates provides the energy that 
supports the high rate of cell division and growth in meristematic 
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Figure 2. Model for the role of GAT1/TRX-m3 in the regulation of PD transport in Arabidopsis meristems (based on Schurmann and Buchanan, 2008). 
Metabolites are transported through the phloem from source to sink tissues and are unloaded symplasmically into companion cells from the sieve ele-
ments. Sucrose, the main form in which photoassimilates are transported, is cleaved to UDP-glucose (UDP-Glc), which is thereafter metabolized to glucose 
6-phosphate (Glc-6P). TRX reduction is induced by Glc-6P via NADPH-FNR-FTR pathway. Reduced TRX regulates the activity of target proteins (Pox: 
oxidized protein, Pred: reduced protein) involved in metabolic processes or in ROS detoxification (RED: reductants). The reduction of ROS (generated 
during metabolism) also takes place in other organelles such as mitochondria and peroxisomes (MIT/PER), which, together with the plastids, maintain cell 
redox homeostasis. Loss of TRX-m3, or oxidative stress, alters this redox equilibrium and affects metabolic balance, which induces a “defense” response 
that diverts UDP-Glc to the synthesis of callose by callose synthases (CALS). Alternatively, ROS or other signaling molecules produced in the plastid might 
modulate the activity of proteins, the synthesis of starting metabolites or the expression of genes that participate in callose metabolism. Callose deposition 
constricts the PD channel and blocks the unloading of essential molecules into the cell, which adversely affects meristem development.
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