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Cell Type Identity in Arabidopsis Roots Is Altered by Both Ascorbic 
Acid-Induced Changes in the Redox Environment and the 

Resultant Endogenous Auxin Response

Yew Lee, Myoung Won Kim, and Soo Hwan Kim*

Department of Biological Sciences, Yonsei University, Wonju 220-710, Korea

Redox plays a critical role in controlling many cellular processes of plant growth and development. To understand the effect
of changes in redox on cell-type determination in the root meristem, we examined the influence of a strong reducing agent --
ascorbic acid (AA) – on both the expression patterns of several cell type-specific promoters and the endogenous auxin sensi-
tivity of auxin-responsive DR5::GUS transgenic plants. AA treatment altered the regular expression of columella-specific
markers. Moreover, when the same treatment was applied to the DR5::GUS lines, normal expression of the GUS reporter was
completely abolished in the auxin maximum, while exogenous auxin restored AA-driven depletion of that maximum. Interest-
ingly, the level of DHA (dehydroascorbate, an oxidized form of AA) in the AA-treated roots was greatly increased. This indi-
cates that changes in cell-type specificity and the sensitivity to endogenous auxin may result from an increase in the cellular
DHA that is metabolized from exogenously supplied AA. Therefore, we propose that redox changes in the root meristem alter
auxin homeostasis, perhaps causing a change in cell types within the root meristem. 
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A wide range of biological processes is regulated by cellu-
lar redox (Foyer and Noctor, 2005). For instance, reactive
oxygen species (ROS) are important signaling messengers in
plants and vertebrates (Neil et al., 2002). Plant thioredoxins
are key regulators in the oxidative stress responses because
they play a fundamental role in conferring tolerance against
oxidative stresses (Park et al., 1998; Santos and Rey, 2006).
Glutaredoxin, for example, works as an oxidoreductase that
is involved in deglutathionylation (Rouhier et al., 2004). 

Redox homeostasis, which controls and maintains the lev-
els and ratio of the reduced and oxidized forms of redox
couples (i.e., GSH/GSSG, AA/DHA), determines the overall
redox status in cells and tissues (Foyer and Noctor, 2005).
Ascorbic acid (AA), reduced glutathione (GSH), and toco-
pherol act as antioxidants that ameliorate this oxidative
stress (Foyer and Noctor, 2005). AA is a major antioxidant,
protecting plant cells by scavenging free radicals and other
ROS (Kang et al., 1998; Foyer and Noctor, 2005). Root nod-
ules produce AA in the infected zone, guarding the host
cells from peroxide damage (Matamoros et al., 2006).
Ascorbate also serves as a cofactor of several enzymes
(Smirnoff and Wheeler, 2000), and it regulates several
aspects of plant growth and development by controlling the
cell cycle, cell elongation, and programmed cell death
(Foyer et al., 2006). In the tobacco cultivar Bright Yellow 2
(BY-2) system, AA stimulates cell division while DHA
decreases the mitotic index (de Pinto et al., 1999). 

The quiescent center (QC), located near the root tip, is
composed of mitotically inactive cells. These are one of the
most important cell types in root development because they
can integrate many cellular processes leading to root mer-
istem establishment and maintenance (Jiang and Feldman,
2003). The QC is surrounded by meristematic initial cells

that are mitotically active. These initial cells are defined by
their location within the root apical meristem, and their
identity is determined and maintained by positional infor-
mation that originates from the surrounding cells, including
the QC (van den Berg et al., 1997). To build proper organi-
zation within the root, a balance must be achieved between
self-renewing activity and differentiation of the QC. How-
ever, the control of this phenomenon in plants is not well
understood. In animal systems, this balance between self-
renewal and differentiation in dividing glial precursor cells
can be modulated by redox signals (Smith et al., 2000). 

In plants, redox homeostasis also may play an important
role in maintaining and activating the QC, which is more
oxidized than its actively dividing neighbor cells (Sanchez-
Fernandez et al., 1997; Jiang et al., 2003). For example, the
redox state affects post-embryonic root cell division and
organization in an Arabidopsis mutant, rml1 (Vernoux et al.,
2000), where a mutation is found in the γ-glutamylcysteine
synthetase gene that is the committal enzyme in glutathione
synthesis. Although AA treatment increases the rate of cell
division in plants (Liso et al., 1988; Kerk and Feldman,
1995), treatment with DHA has the opposite effect (Potters
et al., 2004). Progression of the cell cycle is sensitive to oxi-
dative stress, and QC cells are arrested in the G1 stage by
such stress (Juliano, 2003). 

Auxin is a major phytohormone controlling the develop-
ment and maintenance of normal patterning of the root
meristem. It determines cell fate, planes of cell division,
mitotic activity of the QC, zones of elongation/differentia-
tion, and polarity of the epidermal root hair cells (Sabatini et
al., 1999). Auxin is synthesized in the apical cells of the
stem, then polarly transported through conductive tissues to
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the root meristem, where it regulates growth and develop-
ment (Fig. 1A). As a result of this transport, the auxin maxi-
mum sits at the end of the vascular boundary, establishing a
distal organizer in the root (Sabatini et al., 1999). The sinks
for this auxin maximum are the QC cells, which influence
the differentiation of surrounding cells, e.g., distally located
columella initial cells (Fig. 1B for the cellular architecture of
roots.). The QC and columella initial cells serve as a posi-
tional signal for the auxin response by the entire root apex
(Jiang and Feldman, 2005). Intensive genetic studies using
auxin mutants that are defective in their auxin response and
transport have revealed a strong correlation between cellular
localization of the auxin maximum and patterned cell divi-
sion within the root meristem (Sabatini et al., 1999). 

Recent progress has been made toward molecularly dis-
secting and understanding how changes in redox potential
affect the establishment of root apical meristems (Jiang and
Feldman, 2005). Nonetheless, the molecular mechanisms
by which the QC forms and is maintained are not well
defined, and it is still unclear what regulates the determina-
tion of cell fate and its elaboration. In this study, we investi-
gated the effect of redox on the QC and its neighboring cells
to further understand the influence of redox on cell-type
specification in Arabidopsis. 

MATERIALS AND METHODS

Materials and Growth Conditions

Arabidopsis seeds were surface-sterilized by washing them
first with isopropanol, then with 20% Clorox. After they
were rinsed several times with sterile deionized water, they

were sowed either on sterile filter paper mounted on a solid
MS medium (0.6% agar and 0.5X MS; pH 5.7) or directly on
an MS medium (0.8% agar and 0.5 MS; pH 5.7), before
being stratified in the dark at 4oC for 2 d. For microscopic
observations, two-week-old seedlings grown under continu-
ous light were put in a 1-mL solution for 24 h, with or with-
out additional chemicals. To quantify AA and DHA,
seedlings grown for two weeks under the same conditions
were treated with a sterile 5 mM AA agar/MS solution (0.4%
agar and 0.5X MS; pH 5.7) and incubated for 24 h in a con-
tinuous-light chamber. Roots were excised surgically and
either placed directly into 5% metaphosphoric acid (10:1
ratio of volume / fresh weight) for AA measurements or put
into a fixing solution for GUS-staining.

Measurement of AA Levels

Tissues were homogenized in 5% metaphosphoric acid on
ice, then centrifuged at 14000 rpm in a microfuge for 15
min at 4oC. To chromatically measure total AA the reduced
AA plus the oxidized AA (DHA) - and the amount of
reduced AA alone, we mixed 100 µL of the supernatant
with 250 µL of 0.15 M K2HPO4 buffer (containing 5 mM
EDTA; pH 7.4) in the presence of either 50 µL of 10 mM
DTT (for total AA) or the same volume of water (for the
reduced AA). Samples were incubated for at least 10 min at
room temperature before 50 µL of 0.5% N-ethylmaleimide
was added. A color-developing solution containing 200 µL
of 10% TCA, 200 µL of 44% o-phosphoric acid, 200 µL of
4% α,α’-dipyridyl in 70% ethanol, and 11 µL of 30% FeCl3
was added to each of the above mixtures (450 µL). These
were then vigorously mixed and incubated at 40oC for 40
min before absorbance at A525 was measured. 

GUS-Staining of Roots

GUS-staining was performed according to the method of
Jefferson (1987), with some modifications. Tissues were
fixed in 90% acetone for 1 h at -20oC, then washed twice
for 5 min in washing buffer (0.1 M phosphate [pH 7.0], 10
mM EDTA, and 2 mM K3Fe(CN)6) under vacuum. After-
ward, a staining buffer (0.1 M phosphate [pH 7.0], 10 mM
EDTA, 2 mM K4Fe(CN)6·3H20, and 1 mg mL−1 X-GLUC) was
infiltrated into the washed tissues by a brief vacuum treat-
ment, and the specimens were incubated overnight at 37oC.
The GUS-stained tissues were fixed in a 3:1 mixture of eth-
anol:acetic acid, then cleared and mounted in a drop of
clearing solution. Digital images were compiled via Adobe
Photoshop 7. 

Starch-Staining of Root Caps

Seedlings were stained for 10 min in an I-KI solution
(0.2% iodine in 2% of a potassium iodide solution), then
mounted in 20% glycerol for our microscopy analysis.

Microscopy

We used a Nikon Eclipse TE2000-U inverted microscope
to observe the GUS- and starch-stainings. GFP expression
was examined via confocal laser imaging analysis. A Zeiss
LSM 510 Meta NLO-UV confocal laser scanning microscope
was equipped with an argon 2 ion laser (488 nm) and a He/

Figure 1. Morphology of Arabidopsis root meristem. (A) Region of ini-
tials, including QC (red closed area), and direction of auxin transport
(blue arrows). (B) Quiescent center cells are located proximal to col-
umella stem cells (initials) and columella cells of root cap. 1, QC; 2,
cortex/endodermis initials; 3, epidermis/lateral root cap initials; 4,
columella initials; 5, pericycle initials; 6, vasculature initials; 7, col-
umella; 8, lateral root cap; 9, epidermis; 10, cortex; 11, endodermis;
12, pericycle; 13, vasculature.
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Ne 1 ion laser (543 nm). An HFT488 chromatic beam
splitter and a BP500-550 IR bandpass filter were used to
generate the GFP signal, and an HFT 543 beam splitter
and a BP 565-615 bandpass filter aided in our observa-
tions of the propidium-iodide (PI) staining. Images were
compiled with LSM 5 image browser software. For PI-stain-
ing, the seedlings were incubated for 30 min in 5 µg mL−1

propidium iodide (Sigma-Aldrich, USA). 

RESULTS

AA Treatment Alters Cell Type-Specific Gene Expression
in Arabidopsis Root Meristems

Previous research has shown that the QC has a relatively
higher level of auxin and AAO activity, but a lower amount
of AA compared with the more rapidly dividing surround-
ing cells (Kerk and Feldman, 1995; Jiang et al., 2003).
Because we were interested in knowing if redox could change
overall root cell type identities, we investigated whether the
expression of columella-specific markers also could be
altered by AA. Here, our treatment with ascorbic acid com-
pletely abolished GUS expression (Fig. 2B) in UCR-27 (a
columella initial cell-specific enhancer line; Geisler et al.,
2002) and also partially weakened GFP expression (Fig. 2D)
in the columella-specific marker line J2341 (Sabatini et al.,
2003). The amount of starch granules in the columella cells
also was reduced by this AA treatment (Fig. 2F). 

We also tested if the expression of QC-specific markers,
such as SCR::GFP (Di Laurenzio et al., 1996), would be
changed by such treatment. In fact, AA weakened the
SCR::GFP signal only at the QC, but not in the endodermal
layer (data not shown). 

Figure 2. Expression of columella cell marker lines is altered by AA
treatment. (A) UCR-27, untreated control, (B) UCR-27, 24 h after 5
mM AA treatment, (C) J2341::GFP, untreated control, or (D)
J2341::GFP, 24 h after 5 mM AA treatment. (E) Staining of starch gran-
ule, untreated control, and (F) staining of starch granule, 24 h after 5
mM AA treatment. Red arrows in (C) and (D) indicate columella ini-
tials. Bar = 50 µm.

Figure 3. AA treatment disrupts auxin response, as determined by
expression of DR5::GUS, probably by decreasing major auxin trans-
port. (A) Untreated control; DR5::GUS signal is found in QC and col-
umella initial cell region, i.e., an auxin maximum. Roots treated with:
(B) 5 mM AA, (C) 10−10 M IAA, (D) 5 mM AA and 10−10 M IAA, (E) 5
mM AA and 10−8 M IAA, (F) 10−6 M IAA, (G) 5 mM AA and 10−6 M
IAA, (H) 5 mM AA and 10−4 M IAA, or (I) 10−4 M IAA. Bar = 50 µm.

Figure 4. Copper treatment for 24 h disrupts auxin response, as
determined by expression of DR5::GFP. (A) Untreated control, (B) 10
µM CuCl2, or (C) 10 µM CuCl2 and 1 µM IAA. Bar = 50 µm.

Figure 5. AA treatment down-regulates PIN1-GFP expression in
roots. (A) Upper panel: PIN1-GFP signal, untreated control; lower
panel: root cell walls stained with 5 µg mL−1 propidium iodide,
untreated control; (B) Upper panel: PIN1-GFP signal after 5 mM AA
treatment; lower panel: root cell walls stained with 5 µg mL−1 propid-
ium iodide, root treated with 5 mM AA. Bar = 50 µm.
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AA Treatment Disrupts the Auxin Response, Probably by
Inhibiting Major Auxin Transport

Kerk and Feldman (1995) have proposed that QC forma-
tion in maize roots is associated with an auxin-regulated oxi-
dizing environment. Thus, we reasoned that the exogenous
AA-driven changes in marker gene expression might be due
to shifts in auxin metabolism (homeostasis) in the roots and/
or by alterations in auxin transport to the root tips. To test
this idea, we first investigated the effect of AA treatment on
the expression of the DR5-driven GUS protein (DR5::GUS)
and on QC localization of the auxin maximum. The Arabi-
dopsis DR5::GUS transgenic line carries the GUS reporter
driven by an auxin-responsive synthetic promoter fused to a
minimal CaMV35S promoter (Ulmasov et al., 1997).

In the untreated control, the auxin maximum was located,
as expected, specifically at the QC cells and columella ini-
tials (Fig. 3A). This pattern of localization also was found in
DR5::GFP transgenic plants that expressed the GFP reporter
(data not shown; Ottenschläger et al., 2003). Treatment with
5 mM AA at the root tip disrupted the expression of this
auxin maximum (Fig. 3B), whereas the application of 10−10

M IAA to these AA-treated roots completely restored the
auxin maximum at the QC cells (Fig. 3D). These results sug-
gest that AA-incurred ablation of the auxin maximum is due
to the depletion of endogenously active auxin. Higher con-
centrations of IAA (10−8, 10−6, and 10−4 M) strengthened
this GUS recovery (Fig. 3E, G, H), and similar levels of GUS
expression were observed in tissues that had been treated
with only the corresponding amount of IAA (Fig. 3C, F, I). 

We also wanted to determine if the above effect of AA on
expression of the auxin maximum was correlated with AAO
(ascorbate oxidase) activity. AAO converts reduced AA to
DHA, an oxidized form of AA. Copper is a cofactor of AAO,
and the addition of Cu ions to the culture medium increases
AAO transcription (Esaka et al., 1992; Kerk et al., 2000).
Besides its regulation of redox homeostasis, copper is
involved in auxin metabolism and the control of homeosta-
sis. Here, treatment with 10 µM CuCl2 for 24 h abolished
this auxin maximum, similar to the result found from our AA
treatment (Fig. 4B). Likewise, the auxin response originally
ablated by CuCl2 was recovered by the addition of 1 µM
IAA (Fig. 4C). 

We also questioned whether the disappearance of an
auxin response in AA-treated roots was caused by an inter-
ruption of auxin transport from the proximal roots. To test
this possibility, we examined the effect of AA treatment on
the expression of an auxin efflux carrier, PIN1, by using an
Arabidopsis line that carries the PIN1-GFP reporter con-
struct. PIN1 is normally localized at the basal membranes of
the xylem parenchyma (Fig. 5A; Billou et al., 2005; Petrásek
et al., 2006). It is primarily responsible for the polar trans-
port of auxin through the vascular tissues to the root mer-
istem, specifically to the QC region (Kerk and Feldman,
1995). The auxin-transporting activity of PIN1 is a prerequi-
site for the proper positioning of the auxin maximum in the
root meristem (Sabatini et al., 1999). Interestingly, normal
PIN1-GFP expression in our xylem parenchyma cells was
effectively inhibited by 24 h of AA treatment, which implies
that ascorbate disrupts the auxin response, partly by inhibit-
ing major auxin transport (Fig. 5B). 

AA-Treated Roots Show a High DHA:AA Ratio 

Because the exogenous application of AA triggered many
changes in cell type identity and the maintenance of an
auxin maximum in our study, we also investigated whether
these effects were directed by AA itself or if they were
caused by the DHA produced inside the root through
endogenous AAO activity. Potter et al. (2000) have shown
that exogenous AA is rapidly oxidized to DHA in the apo-
plast before being transported across the plasma membrane.
We also found that the addition of CuCl2, whose role as a
cofactor of AAO should stimulate endogenous AAO activity,
abolished the auxin maximum (Fig. 4B), but that this deple-
tion could be rescued by auxin treatment (Fig. 4C). 

We measured the levels of total AA and its oxidized form,
DHA, in the root tissues after our standard period of 24 h.
Here, the reduced form made up 83.4% of the total AA in
the untreated roots, while it accounted for only 13.5% of
the total in the treated roots (Fig. 6). This indicates that
exogenously applied AA increases the concentration of
DHA in the roots. 

DISCUSSION

Different Genes in a Root Cell Type Might Show Differ-
ential Sensitivity to Changes in the Redox State

We have demonstrated here that treatment with ascorbic
acid leads to the suppression of columella-specific promoter
activity in two lines of Arabidopsis - UCR-27 and J2341 (Fig. 2).
The number of starch granules in the columella also is
reduced by AA treatment. Therefore, these results suggest
that redox changes the physiological state of the tissue or its
specificity. 

Interestingly, it seems that different genes within the same
cell type are differentially regulated by redox. For example,
columella-specific UCR27 marker expression is completely
suppressed by AA treatment while that of J2347 or the

Figure 6. Ratio of reduced:total ascorbic acid in root tissues. Y-axis
represents amount of reduced AA out of total AA, which is the sum of
reduced AA plus DHA. (See Materials and Methods for chemical
measurements.) 
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starch granule counts show only partial suppression (Fig. 2).
Application of ascorbate also completely inhibits the expres-
sion of a QC marker, SCR::GFP, but does not alter expres-
sion of another marker, QC46 (data not shown). Therefore,
we might conclude that AA treatments change the mainte-
nance of cell type identities in roots, and that cell type-spe-
cific genes are differentially influenced.

Alterations in Intracellular Redox Status May Influence
Both the Level of Endogenous IAA and Cell Type Identity
in Roots 

Ectopic expression of AAO in tobacco has revealed that
oxidation of AA is associated with the loss of auxin response
and higher mitogenic activities (Pignocchi et al., 2006). We
showed in the present study that AA also increases the cellu-
lar ratio of DHA to AA (Fig. 6), and eliminates the auxin
response in root meristems (Fig. 3). The AA-induced disap-
pearance of the auxin maximum is restored by adding IAA
exogenously (Fig. 3). A similar inhibitory effect on this auxin
response is observed when roots are treated with a copper
ion, which is a cofactor of the auxin-degrading enzyme
AAO (Fig. 4). However, the addition of IAA to the CuCl2-
treated roots partially recovers this IAA response. Therefore,
we postulate that both an increase in DHA and an alteration
of the auxin metabolism/homeostasis facilitated by the
action of AA-activated cellular AAO are responsible for
those ascorbate-induced root meristematic changes in cell
type identities. 

Perturbation of polar auxin transport by an auxin transport
inhibitor, NPA, suggests a critical role for that phytohormone
in establishing and maintaining the organization of the root
meristem (Jiang et al., 2003). Many auxin transport mutants,
such as pin1 (Gälweiler et al., 1998), pin3 (Friml et al.,
2002a), and pin4 (Friml et al., 2002b), show defects in their
root development. Moreover, auxin-inducible PLT1 and
PLT2, which are AP2-type transcription factors, are involved
in QC specification and stem cell activity (Aida et al., 2004).
Here, we showed that AA treatment reduces the acropetal
transport of IAA to the QC region, probably by decreasing
PIN1 protein expression in the root tips (Fig. 5). This means
that such diminished auxin transport, which could cause an
increase in the ratio of root DHA (Fig. 6), might be an addi-
tional determining factor of tissue cell type. Paradoxically,
we also realized here that the DR5::GUS signal and the
PIN1-GFP signal can be partially recovered by treatment
with 1 mM DHA (data not shown). These observations sug-
gest that the root tissue can act as a dynamic redox buffer in
balancing redox potentials. 

In summary, a redox change in the oxidized state can alter
root cell type identities and decrease the level of endoge-
nous auxin in that tissue. We now propose that redox
potential in the root meristem regulates auxin homeostasis
in cells, possibly resulting in a change in cell type identities
led by unidentified signal transductions. More details must
be obtained before we can make absolute conclusions
about the roles of redox in determining and maintaining
root cell type identity. Using recently developed redox-sensi-
tive GFP (roGFP) at a high resolution (Jiang et al., 2006), we
will now be able to conduct further analyses that test the
effect of auxin and reducing agents. Such efforts will deepen

our understanding about the roles of redox homeostasis in
regulating root cell identities. 
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