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Abstract

The RADICAL-INDUCED CELL DEATH1 and SIMILAR TO RCD ONE1 genes of Arabidopsis thaliana encode members
of the poly(ADP-ribose) polymerase (PARP) superfamily and have pleiotropic functions in development and abiotic

stress response. In order to begin to understand the developmental and molecular bases of the defects seen in

rcd1-3; sro1-1 plants, this study used the root as a model. Double mutant roots are short and display abnormally

organized root apical meristems. However, acquisition of most cell fates within the root is not significantly

disrupted. The identity of the quiescent centre is compromised, the zone of cell division is smaller than in wild-type

roots and abnormal divisions are common, suggesting that RCD1 and SRO1 are necessary to maintain cells in

a division-competent state and to regulate division plane placement. In addition, differentiation of several cell types

is disrupted in rcd1-3; sro1-1 roots and shoots, demonstrating that RCD1 and SRO1 are also necessary for proper
cell differentiation. Based on the data shown in this article and previous work, we hypothesize that RCD1 and SRO1

are involved in redox control and, in their absence, an altered redox balance leads to abnormal development.
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Introduction

In plants, most morphogenesis takes place post-embryonically

through the action of two distally localized groups of

stem cells, the shoot apical meristem (SAM) and the root
apical meristem (RAM). These meristems are established

during embryogenesis and maintained throughout the life

of the plant. The SAM is responsible for the generation of

the stem, leaves, and inflorescence of the plant while the

RAM makes the root. The number of stem cells within the

meristems is maintained by a balance between cell division

and cell differentiation. The RAM consists of initial cells in

a single layer surrounding the quiescent centre (QC), thought
to be the organizing cells (van den Berg et al., 1997).

Maintenance of the pluripotent identity of the RAM cells is

controlled by SHORTROOT/SCARECROW (SHR/SCR)

and the auxin-dependent expression of the PLETHORA

(PLT) genes (Sabatini et al., 1999, 2003; Aida et al., 2004)
and the homeobox transcription factor WOX5 (Stahl et al.,

2009). In addition to these pathways, it is known that redox

components within the RAM are also important for its

maintenance and function (reviewed in De Tullio et al.,

2010).

The poly(ADP-ribose) polymerase (PARP) superfamily is

composed of proteins containing the PARP catalytic site,

also known as the PARP signature. Members of this family
include enzymes that modify target proteins by attaching

ADP-ribose subunits from NAD+ post-translationally to

Abbreviations: BA, 6-benzylaminopurine; DAPI, 4’,6-diamidino-2-phenylindole; GFP, green fluorescent protein; GSH, glutathione; GUS, b-glucuronidase; NAA,
1-naphthaleneacetic acid; QC, quiescent centre; RAM, root apical meristem; ROS, reactive oxygen species; RST, RCD–SRO–TAF4 domain; SAM, shoot apical
meristem; SIMR, stress-induced morphological response.
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target proteins. These units can be added as chains by

genuine PARPs or as single ADP-ribose moieties by a subset

of PARP-like proteins termed mono(ADP-ribose) trans-

ferases (mARTs). In addition, some PARP superfamily

members do not apparently function as enzymes (reviewed

in Hassa and Hottiger, 2008; Hottiger et al., 2010).

Orthologues of the so-called ‘classical PARPs’ from animals,

known to function in DNA repair, have been identified in
plants (Lepiniec et al., 1995; Babiychuk et al., 1998). In the

model plant species Arabidopsis thaliana, they appear to

function in DNA repair, stress response, and response to

pathogens (Amor et al., 1998; Doucet-Chabeaud et al., 2001;

De Block et al., 2005; Vanderauwera et al., 2007; Foyer

et al., 2008; Pellny et al., 2009; Adams-Phillips et al., 2008,

2010). In addition to these proteins, the Embryophyta (land

plants) encode members of a unique clade of PARP-like
proteins (Citarelli et al., 2010; Jaspers et al., 2010). This clade

contains proteins with an RST (RCD–SRO–TAF4) domain

C-terminal to their PARP signature and a subset of the

proteins are also characterized by a WWE protein–protein

interaction domain in their N-termini (Citarelli et al., 2010;

Jaspers et al., 2010). Arabidopsis encodes two paralogous

genes, RADICAL-INDUCED CELL DEATH1 (RCD1) and

SIMILAR TO RCD ONE 1 (SRO1), which are members of
the WWE-containing subclade (Belles-Boix et al., 2000;

Ahlfors et al., 2004). These genes have pleiotropic roles

during both stress response and development and are

partially redundant with one another (Jaspers et al., 2009;

Teotia and Lamb, 2009). Double mutants in both RCD1 and

SRO1 have severe developmental defects. Most rcd1-3;

sro1-1 individuals do not survive embryogenesis and die with

defects in the SAM, RAM, and hypocotyl, demonstrating
that the function(s) encoded by these genes are critical for

plants (Teotia and Lamb, 2009). Those that do survive have

pleiotropic phenotypes including short stature, short roots,

and reduced apical dominance (Jaspers et al., 2009; Teotia

and Lamb, 2009).

RCD1 does not appear to have PARP or mART

enzymatic function (Jaspers et al., 2010); this has not been

assayed for SRO1. Therefore, the molecular function of
these proteins is unclear. However, they are known to bind

to transcription factors (Belles-Boix et al., 2000; Ahlfors

et al., 2004; Jaspers et al., 2009), suggesting that they are

involved in transcriptional regulation. rcd1 mutants accu-

mulate both reactive oxygen species (ROS) (Overmyer et al.,

2000) and nitric oxide (Ahlfors et al., 2008), even under

normal growth conditions, suggesting that it negatively

regulates the accumulation of these compounds, directly or
indirectly. In addition, the expression of genes known to

indicate oxidative stress, AOX1a and UPOX, is constitu-

tively upregulated in rcd1-3 mutants (Jaspers et al., 2009).

rcd1-3; sro1-1 double mutants appear to be under constitu-

tive stress, as indicated by accumulation of excess sumoy-

lated proteins and an increase in the expression of the

stress-inducible gene PARP2. Many of the phenotypic

defects seen in rcd1-3; sro1-1 are similar to those seen in
the stress-induced morphological response (SIMR) (Teotia

et al., 2010), known to be associated with changes in redox

balance (Potters et al., 2009). Therefore, an important

function of these genes is to regulate the redox environment

within the cell.

In this study we investigated the role of RCD1 and SRO1

in cell division and differentiation using the root as a model

system. We demonstrate that these genes are necessary to

maintain proper cell division in the RAM of Arabidopsis

and for proper differentiation of several cell types, including
xylem vessels and fibres, and root cap cells.

Materials and methods

Plant materials and growth conditions

Arabidopsis seeds were vernalized for 3–5 days and grown on
Fafard-2 Mix soil with sub-irrigation at 22 �C with 50% relative
humidity under long-day irradiance (16 h, 80 lmol m�2 s�1) in
controlled growth chambers (Enconair Ecological Chambers).
Seeds used for marker line analysis were sterilized with 70%
ethanol followed by 40% (v/v) hypochlorite (bleach) and placed on
Murashige and Skoog (MS) medium (RPI) agar plates containing
1% sucrose, incubated in the dark for 3 days at 4 �C, and then
grown vertically. Seedlings used for root growth assays were sown
on half-MS and 1% sucrose media and grown vertically. Plants for
the marker line analysis were grown on plates vertically for 7–10
days. All seedlings grown on plates were grown under long-day
conditions at 22 �C in a Plant Growth Chamber (Percival
Scientific).
rcd1-3, sro1-1 and rcd1-3; sro1-1 mutants have been described

previously (Teotia and Lamb, 2009). Marker lines used are listed
in Table S1 (Supplementary data are available at JXB online). In
order to introduce marker transgenes into the rcd1-3; sro1-1
background, rcd1-3; sro1-1 plants were crossed to the marker
lines, the F1 plants allowed to self, and F2 seeds were analysed for
expression.

Phenotypic analysis of mutants

Root phenotypes were analysed in the wild type (Columbia),
rcd1-3, sro1-1 and rcd1-3; sro1-1 plants. For root length analysis at
least 25 plants of each genotype were analysed in two independent
replicates. Measurement of the root division zone was done using
at least 15 plants of each genotype and this region was defined as
the area from the QC to the start of the elongation zone. The
number of root meristematic cells was obtained by counting the
cortical cells showing no signs of rapid elongation in the above-
defined division zone. The ability of plants to respond to cytokinin
and auxin was determined by growing seedlings vertically for
5 days and then transferring seedlings to mock or hormone-
containing media, growing for a further 4 days, and then
measuring the growth of the root while on the media. The
cytokinin 6-benzylaminopurine (BA; PhytoTechnology Laborato-
ries) was used at concentrations of 0.01, 0.1, 1, and 10 lM. The
auxin 1-naphthaleneacetic acid (NAA; PhytoTechnology Labora-
tories) was used at concentrations of 1, 20, 40, 60, 80, and 100 nM.
The number of flowers produced by wild-type and rcd1-3; sro1-1
plants was determined for 25 plants of each genotype. Only flowers
produced on the primary inflorescence were counted. Retention of
lateral root cap cells in wild-type and double mutant roots was
analysed by examination of primary roots under a Nikon SMZ800
dissecting microscope and defined as the presence of lateral root
cap cells attached to the epidermis at least five cell lengths into the
elongation zone. Wherever indicated in the text, significant
difference between the phenotypes of the mutants and the wild
type was calculated, at P < 0.01, by Student’s t test.
For analysis of marker gene expression in the rcd1-3; sro1-1

background, F2 seeds of each cross were plated and expression
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was compared between the double mutants and the siblings whose
phenotype resembled wild type (referred to as WT-like in the text)
growing on the same plate. rcd1-3; sro1-1 seedlings were easily
identified on the basis of their distinct phenotype (Teotia and
Lamb, 2009). In case of DR5rev::GFP expression, rcd1-3; sro1-1
from F3 or F4 generations were compared with the wild type. For
each line at least 30–35 individuals of the double mutants and 40–
50 individuals of WT-like plants were analysed for expression in
each of two biological replicates.

Visualization of b-glucuronidase expression

Seedlings 7–10 days old were used to examine expression of
b-glucuronidase (GUS) driven in marker lines. Seedlings were
incubated in 90% acetone for 30 min on ice and washed twice with
100 mM sodium phosphate buffer (pH 7). The tissues were then
incubated in GUS staining buffer (100 mM sodium phosphate
buffer pH 7, 1 mM potassium ferricyanide, 1 mM potassium
ferrocyanide, 0.1% Triton X-100, 10 mM EDTA, 1–1.5 mM
5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid) at 37 �C for
various lengths of time depending on the strength of expression.
Seedlings were then washed and stored in 70% ethanol. Photo-
graphs were taken by a Nikon Digital Sight DS-5M camera on
a Nikon SMZ800 dissecting or on a Nikon Eclipse E200
compound microscope.

Histology and microscopy

Leaves and stems from at least five independent adult plants were
cut into small pieces and then fixed in 3% (v/v) glutaraldehyde + 2%
(v/v) paraformaldehyde [Electron Microscopy Sciences (EMS),
Hatfield, PA, USA] in 0.1 M phosphate buffer pH 7.2 by vacuum
infiltration and then overnight at 4 �C. Fixed samples were washed
once for 15 min with 0.1 M potassium phosphate buffer pH 7.2 and
then four times with distilled water. Samples were then dehydrated
through an ethanol series 25, 50, 70, 90, and 100% (four times), each
step for 15 min at room temperature. Samples were then put in
resin for resin infiltration with the following steps: 2 parts 100%
ethanol + 1 part Spurr’s resin (EMS; 1 h); 1 part 100% ethanol + 1
part Spurr’s resin (2 h); 1 part 100% ethanol + 3 parts Spurr’s resin
(2 h); 100% Spurr’s resin (1 h); 100% Spurr’s resin overnight. The
next day the tissues along with the resin were put in moulds (EMS)
with the desired orientation and left at 65 �C for 36 h to solidify.
Roots were fixed in the same manner as described above, except the
dehydration series was continued to 90% alcohol. Infiltration was
done with 100% LR white resin (EMS) for 2 h at room temperature
and then tissues were embedded in capsules with LR white resin for
24 h at 55 �C. The leaves and stem sections were cut with
ultramicrotome [Reichert-Jung (Leica) Ultra-cut 701701] at 2 lm
thickness and sections were stained for 2 min with 1% toluidene
blue (1 g toluidene blue, 1 g sodium borate, and 100 ml of water).
Root sections (1 lm) were cut with a Leica Ultracut UCT
ultramicrotome and stained with 1% safranin. The sections were
mounted permanently on slides with Permount (Fischer).
Hand-sections of 7- to 10-day-old roots were obtained as

described (Benfey et al., 1993). The sections were placed in water on
a slide, stained with fluorescent brightener-28 (Sigma) and observed
by epifluorescence microscopy using a Nikon Eclipse 90i microscope
equipped with Nikon Intensilight C-HGFI Fiber Illuminator.
In order to visualize nuclear size in root cells, 6-day-old roots

were fixed in PEMT buffer as described (Sugimoto et al., 2000).
Fixed seedlings were washed three times with PEMT buffer for
10 min each followed by three washes with phosphate-buffered
saline. Roots were dissected from the seedlings and mounted
in Vectashield mounting medium (Vector Laboratories) with
1.5 lg/ml 4’,6-diamidino-2-phenylindole (DAPI). UV epifluores-
cence microscopy observations were performed using a Nikon
Eclipse 90i microscope.
For confocal laser imaging of roots, cell walls were labelled with

propidium iodide as described (Truernit et al., 2008). Roots were

observed by Nikon D-Eclipse C1si Confocal microscope using the
excitation wavelength of 488 nm, and emission was collected at
620–720 nm. Marker lines where green fluorescent protein (GFP)
was the marker were observed using laser confocal microscopy as
above using an excitation wavelength of 488–562 nm.
Starch granules in the columella root cap were visualized in

5-day-old seedlings, grown on half-MS plates, as described by
Willemsen et al. (1998). Seedlings were stained for 2 min, rinsed
with water, and cleared with chloral hydrate. All sections and
starch granules in roots were observed under a Nikon Eclipse E200
compound microscope equipped with the Nikon Digital Sight
DS-5M camera. All images were put into equal-sized canvases of
the same resolution to make a composite figure with Adobe
Photoshop version 7.0.

Results

RCD1 and SRO1 have dynamic expression patterns

RCD1 and SRO1 are expressed in all organs of the plant

(Jaspers et al., 2009; Teotia and Lamb, 2009), with higher

expression found in the vascular tissues in particular

Fig. 1. RCD1 and SRO1 are expressed throughout the embryo

and in the root meristem. Staining for GUS activity in embryos and

roots of RCD1::GUS (A–D, I, K) and SRO1::GUS (E–H, J, L) are

shown. Arrows indicate end of division zone in (I, J). Scale bars

represent 100 lm.
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(Jaspers et al., 2009). Expression begins at the globular

stage of embryogenesis, when both genes are expressed

throughout the embryo proper but not in the suspensor

(Fig. 1A, E). Expression continues throughout the embryo

until the torpedo stage (Fig. 1B, C, F, G), after which

expression within the procambial strands becomes pro-

nounced (Fig. 1D, H). This pattern is consistent with

publically available microarray data (Winter et al., 2007).
Postembryonically, both RCD1 and SRO1 are expressed in

the root tips (Fig. 1I, J); however, while RCD1 expression is

most prominent in the region of the QC and root cap

(Fig. 1I), SRO1 is strongly expressed throughout the

division zone of the root (Fig. 1J). Both genes are also

expressed in the differentiating vascular cells of the root

(Fig. 1K, L; Jaspers et al., 2009). In addition, examination

of publically available microarray data suggests that low

levels of expression are found in most cells of the plant,

with the exception of the trichomes, and pavement cells of

the leaves (Winter et al., 2007).

Fig. 2. Root length and meristem size are reduced in rcd1-3;

sro1-1 plants. (A) Root growth curves. (B) Root meristem length.

(C) Root meristem cell number. Stars indicate values significantly

different from the wild type at P < 0.01. Error bars indicate

standard deviation. Col-0, Columbia; DPG, days post-germination.

Fig. 3. RCD1 and SRO1 control proliferation in the root tip. (A–D)

DAPI-stained roots: Col-0 (A, B), rcd1-3; sro1-1 (C, D). (E–H)

Staining for GUS activity of CYCB1; 1::GUS for 4 h in the root tip:

WT-like (E, F), rcd1-3; sro1-1 (G, H). (I–L) Staining for GUS activity

of CYCD4;1::GUS in the root tip: (I, K) 2 h staining and (J, L) 20 h

staining; WT-like (I, J) and rcd1-3; sro1-1 (K, L). (M–P) Staining for

GUS activity of DEL1::GUS: (M-O), 4 h staining and (P), 20 h

staining; WT-like (M, N), rcd1-3; sro1-1 (O, P). All scale bars

represent 50 lm. Scale bar in (A) applies to (A–D) and that in (E)

applies to (E–P). The green lines indicate the extent of the division

zone in A–D. Col-0, Columbia.
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The root meristem of rcd1-3; sro1-1 plants is small

Consistent with the strong expression of RCD1 and SRO1

in the meristematic region of the root and their redundant

functions, the roots of rcd1-3; sro1-1 double mutant plants

are short (Fig. 2A). This decrease in length is at least

partially due to a decrease in size in the root division zone,

as assayed both by length (Fig. 2B) and cell number
(Fig. 2C) of the division zone.

In wild-type Arabidopsis, exit from the cell proliferation

phase to the elongation phase is accompanied by entry

into the endocycle (Inze and De Veylder, 2006; De Veylder

et al., 2007). This can be visualized by an increase in nuclear

size. Consistent with a reduced division zone in rcd1-3;

sro1-1 plants, nuclear size increases closer to the tip in these

plants than in wild type (Fig. 3C, D), suggesting cells exit
the mitotic cycle early. The reduction in the number of

cells expressing CYCB1;1::GUS, marking cells at the G2–M

transition (Colon-Carmona et al., 1999), in rcd1-3; sro1-1

plants also indicates a reduction in the area where

division takes place in these roots (Fig. 3G, H). Disruption

of expression of two other cell cycle genes, CYCD4;1 and

E2Fe/DEL1, also supports the idea that the normal

division patterns within the root are controlled by RCD1

and SRO1. CYCD4;1 is normally expressed in a broad zone

encompassing the division zone of wild-type Arabidopsis

(Fig. 3I, J; De Veylder et al., 1999), but is significantly

reduced in double mutant roots (Fig. 3K, L). The

atypical E2F factor DEL1 is transcribed exclusively in non-

endoreduplicating dividing cells (Lammens et al., 2008). In

rcd1-3; sro1-1 root tips expression of this gene is barely

detectable (Fig. 3O, P). However, expression of a number of
other cell cycle-associated genes, although their zone of

expression in double mutant roots is smaller than in wild

type due to the smaller division zone, have relatively normal

expression patterns (Fig. S1, Table S1).

rcd1-3; sro1-1 plants have disorganized roots

In addition to a reduction in cell division, rcd1-3; sro1-1

roots are abnormally patterned and have differentiation

defects. Transverse sections through the mature region of
roots reveal that, unlike wild type, the xylem is harder to

distinguish in double mutant roots (Fig. 4D). Xylem vessel

elements are small in rcd1-3; sro1-1 roots and their

cell walls appear thinner (Fig. 4E, F). This makes

differentiating between protoxylem and metaxylem

difficult (Fig. 4E). The cortex, which normally consists of

one layer of eight cells, contains extra cells, both around

the circumference and in extra layers (Fig. 4E, F). Cell
shape in the double mutant is also abnormal. This

disorganization within the mature root is consistent with

defects seen in the division zone of the roots. When the

architecture of root tips of rcd1-3; sro1-1 plants was

examined, no clear QC can be observed (Fig. 5D–F),

even as early as 2 days after germination. It is more

difficult to trace cell files to initial cells in the double

mutant, as division planes are abnormal in the tip region.
This misplacement of division planes continues into more

proximal regions of the division zone (e.g. Fig. 5D). The

root cap of the double mutant is less ordered than in wild

type or single rcd1-3 or sro1-1 mutants (Fig. 5I–K). The

lateral root cap cells do not detach readily, creating

a longer root cap in the majority of roots (Table 1).

Examination of starch distribution within double mutant

root caps demonstrates that the width of the columella is

Fig. 4. rcd1-3; sro1-1 roots have abnormal radial patterning. Transverse sections of roots within the maturation zone of wild type (A–C)

and rcd1-3; sro1-1 (D–F). (A) and (D) are hand-sections while (B, C, E, F) are thin sections. Small arrows indicate abnormal planes of cell

division. All scale bars indicate 50 lm. C, cortex; En, endodermis; Ep, epidermis; Mx, metaxylem; Pc, pericycle; Px, protoxylem.
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reduced, its cell layers indistinct, and the amyloplasts
smaller (Fig. 5I–K), suggesting a differentiation defect in

these cells.

In order to examine cell identity in the root more closely,

the expression of a series of marker lines was examined in

rcd1-3; sro1-1 plants and their WT-like siblings. The

expression patterns of most markers of positional identity

within the root did not differ significantly between the

double mutant and wild type (Fig. 6), consistent with the
fact that most cell types can be distinguished in mature

roots. Expression of both PLETHORA1 and PLETHORA2

(PLT1, 2) is normal in the region of the presumed RAM in

Fig. 5. rcd1-3; sro1-1 roots have abnormal division patterns and disorganized root caps. (A–F) Root tip structure, visualized by confocal

laser scanning microscopy after cell wall staining with propidium iodide: Col-0 (A), rcd1-3 (B), sro1-1 (C) and rcd1-3; sro1-1 (D–F). Small

arrows indicate QC, large arrows indicate columella stem cells, and arrowheads indicate abnormal planes of cell division. (G–K)

Columella structure in 5-day-old seedlings: Col-0 (G, H) and rcd1-3; sro1-1 (I–K). Scale bars in (A–F) indicate 50 lm. Scale bar in (G)

represent 100 lm and applies to (G–K).

Table 1. Lateral root cap cells are retained in rcd1-3; sro1-1

plants

Genotype Na Number of
roots with
retained lateral root cap cellsb

Col-0 25 2

rcd1-3; sro1-1 47 43

a Number of plants examined.
b Defined as roots in which lateral root caps are still attached to the

root epidermis at least five cell lengths into the elongation zone of the
primary root.
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rcd1-3; sro1-1 roots (Fig. 6A–F). The cell fate markers

SCARECROW (SCR) and SHORTROOT (SHR) are

expressed in the endodermis and stele, as in wild type

(Fig. 6G–O). These results suggest that proper cell fate is

acquired in mutant roots. In line with this finding,

expression of many markers of auxin transport and signal-

ling remained relatively normal in double mutant roots.

Analysis of DR5rev::GFP (Friml et al., 2003) expression in
rcd1-3; sro1-1 plants reveals that auxin maxima at the root

pole and tips of forming cotyledons form in mutant

embryos (Fig. 7A–H). An auxin maximum is also found at

the tips of post-embryonic roots in the double mutant

plants, although it is not as straight as in the wild type

(Fig. 7J, K). Consistent with the presence of an auxin

maximum, the expression pattern and protein localization

of many components of the auxin transport system are
similar to those of wild type. The auxin efflux carrier PIN1

(Benkova et al., 2003) is expressed at normal levels and the

protein is properly polarized in the stele of rcd1-3; sro1-1

roots, although expression outside of the stele may be lower

(Fig. 7M, N). Expression of the influx carriers AUX1

(Bennett et al., 1996) and LAX3 (Swarup et al., 2008), and

the efflux carriers PIN2 (Muller et al., 1998) and PIN4

(Friml et al., 2002) are also normal (Fig. S2). AXR4, an
accessory protein necessary for proper localization of

AUX1 and PIN proteins (Dharmasiri et al., 2006), is also

correctly localized (Fig. S2). In contrast, expression of

PIN7, as assayed by both translational (Fig. 7P, Q) and

transcriptional (Fig. 7S, T) gene fusions, was abnormal in

rcd1-3; sro1-1 plants. PIN7 is normally found expressed in

the stele, where the protein is localized to the basal end of

the cells, and in the columella, where the protein has an
apolar localization. There is a small gap in expression at the

RAM (Vieten et al., 2007). In rcd1-3; sro1-1 roots, the gap

in gene expression is larger than in wild type (Fig. 7S, T),

although the RAM in these plants appears to be smaller.

Translational fusions reveal that protein accumulation is

inconsistent in the stele and appears less polarized (Fig. 7P).

Some mutant roots have lost lower stele accumulation of

PIN7 protein altogether (Fig. 7Q). PIN7 accumulates in
columella cells of rcd1-3; sro1-1 roots in an apolar manner

as in wild type; however, the protein level appears to be

higher. The number of cells expressing PIN7 in the

columella is fewer and those cells are abnormally shaped

(Fig. 7P, Q). In order to determine whether the rcd1-3;

sro1-1 plants respond normally to auxin and to cytokinin,

which regulates auxin efflux and biosynthesis (Pernisova

et al., 2009; Jones et al., 2010), the effect of exogenously
applied hormones on the mutants was examined. Both

rcd1-3 and sro1-1 single mutants and the double mutant are

able to respond to exogenously applied NAA (Table S2)

and BA (Table S3). The rcd1-3; sro1-1 plants may be

slightly hypersensitive to both hormones, but this is in-

conclusive due to the limited growth of double mutant

roots. Overall, it appears that the double mutant plants

have relatively normal auxin and cytokinin responses.
Although many markers of cell fate have near wild-type

expression patterns in rcd1-3; sro1-1 roots, the expression of

Fig. 6. Cell fate in the root tip of rcd1-3; sro1-1 plants resemble

that of wild type. Wild type-like roots (A, D, G, J, M); rcd1-3;

sro1-1 roots (B, C, E, F, H, I, K, L, N, O). PLT1p::GFP (A-C),

PLT2p::PLT2-GFP (D-F), SCRp::GFP (G-I), SCRp::SCR-GFP (J-L),

SHRp::SHR-GFP (M-O). Scale bars represent 100 lm and scale

bar in each row applies to all images in that row.
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QC markers was considerably reduced (Fig. 8A–J),

consistent with a lack of morphologically identifiable QC

cells. Under relatively short staining times, when WT-like

roots show strong staining of both QC184 and QC25

(Fig. 8A, F), rcd1-3; sro1-1 roots had no detectable staining

(Fig. 8B, G). After longer staining times, some double

mutant roots showed faint QC184 expression in what
appears to be root cap cells and some expression of QC25

in what appears to be a single cell that is displaced towards

the distal end of the root (Fig. 8D, E, I, J). This suggests

that QC identity is compromised in rcd1-3; sro1-1 roots.

The defects seen in the mature region of the rcd1-3;

sro1-1 roots suggest that cell differentiation outside of the

QC may be disrupted. This is supported by misexpression of

at least one marker line within the root. The GRAS family

transcription factor SCARECROW-LIKE3 (SCL3) is nor-

mally expressed in the endodermis (Fig. 8L; Pysh et al.,

1999). In double mutant roots, expression of this gene is

expanded into other cell layers of the root, including the

cortex and lateral root cap cells (Fig. 8M, N). Although the

function of SCL3 is not known, this misexpression suggests

problems with transcriptional control in the outer layers of

the rcd1-3; sro1-1 roots.

Cell division and differentiation are defective in the
above-ground portion of rcd1-3; sro1-1 plants

rcd1-3; sro1-1 adult plants are short with small leaves and

flowers (Jaspers et al., 2009; Teotia and Lamb, 2009),

suggesting that cell proliferation may be defective in these

areas of the plant as well. Consistent with this, the leaves

and stems of double mutant plants are smaller with fewer

cells (Fig. 9C, G, K). Patterning and differentiation is also

disrupted in these organs. Transverse sections of leaves

reveal that rcd1-3; sro1-1 leaves have a disorganized pali-

sade parenchyma layer containing misshapen cells and large

gaps (Fig. 9C). The cuticle of the epidermis appears thinner,

suggesting either that there is less cuticle secreted or that the

chemical composition of the cuticle has changed. The leaf

vascular bundles have poorly differentiated xylem and

xylem fibres are either missing or have not made extensive

secondary cell wall (Fig. 9D).

Stems in rcd1-3; sro1-1 plants are significantly reduced in

diameter (Fig. 9G, K). Examination of cell patterning and

differentiation at the base of the inflorescence stem demon-

strates that there is a reduced pith region in the centre of the

stem, abnormal cuticle secreted by the epidermis, and oddly

Fig. 7. Auxin transport proteins accumulate normally in rcd1-3; sro1-1 embryos and roots. Wild type (A, C, E, G, I); wild type-like (L, O,

R); rcd1-3; sro1-1 (B, D, F, H, J, K, M, N, P, Q, S, T). DR5rev::GFP (A-K), PIN1p::PIN1-GFP (L-N), PIN7p::PIN7-GFP (O-Q), PIN7p::GUS

(R-T). The arrowheads in (A-H) indicate auxin maxima through DR5rev::GFP expression while the stars in (P, Q) mark gaps in PIN7

protein accumulation. All scale bars represent 100 lm and bars in (I, L, O, R) apply to the corresponding double mutant images for the

respective marker line.
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shaped cortical cells (Fig. 9G, H). The vascular cambium is

interrupted by gaps and there are areas in the stem where

secondary phloem has been produced, but the correspond-

ing secondary xylem has either failed to differentiate or was
not produced by the cambium (Fig. 9H). Metaxylem can be

seen located close to the cambium, suggesting that the

secondary xylem was not formed. The region of the stem

nearer the inflorescence meristem has reduced pith and

expanded cortex (Fig. 9K). The vascular bundles are fewer

in number than wild type but contain both phloem and

xylem, although it is difficult to distinguish protoxylem

from metaxylem (Fig. 9L). Fascicular vascular cambium
appears to be missing from some individual vascular

bundles although it can be distinguished in others. In

general, the defects seen in both leaves and stems of rcd1-3;

sro1-1 plants are consistent with defects in division,

differentiation and maintenance of meristematic stem pop-

ulations. However, most cell types are present.

The reduced cell division in roots, leaves and stems and

the disappearance of the QC of the roots and vascular
cambium of the stem suggests that meristematic cell fate

maintenance needs functional RCD1 and SRO1. Flower

production on the primary inflorescence of rcd1-3; sro1-1

plants and wild type was examined as a proxy for

inflorescence meristem function. The number of flowers

produced by double mutant plants is significantly reduced
compared with wild type (Table 2), suggesting that this

meristem may fail to be maintained.

Discussion

The PARP superfamily is found across the eukaryotes

(Citarelli et al., 2010). RCD1 and SRO1 encode partially

redundant members of a land-plant-specific clade of PARP-

like proteins that localize to the nucleus. In this work, we

demonstrate that these genes function to control division

and differentiation in the root. They are necessary to

maintain QC identity within the RAM and to support the

population of dividing cells of this region; subsequently they
are required for proper differentiation, both at an organ

level and at an individual cell level.

The requirement for RCD1 and SRO1 in maintaining

cells in a division-competent state is supported by several

lines of evidence. Roots of rcd1-3; sro1-1 plants grow slowly

Fig. 8. RCD1 and SRO1 control cell identity within the QC. Staining for GUS activity in the QC marker lines QC184 (A–E) and QC25

(F–J): 2 h of staining (A, B, F, G), 20 h of staining (C, D, E, H, I, J), WT-like (A, C, F, H), rcd1-3; sro1-1 (B, D, E, G, I, J). (K-N) Expression

of SCL3p::GFP in the root visualized by confocal laser scanning microscopy after cell wall staining with propidium iodide: Wild type-like

(K), rcd1-3; sro1-1 (L-N). Large arrow indicates the endodermis while small arrows indicate other cell layers. All scale bars represent

100lm. Scale bar in (A) applies to (A-J).
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to a shorter length and this correlates with fewer cells in the

division zone (Fig. 2). Cells in the rcd1-3; sro1-1 root tip

begin endoreduplicating their DNA close to the tip,
suggesting that they have exited mitotic division. This

morphological observation is supported by the fact that

a smaller population of cells in the tip region of the double

mutant express the division marker CYCB1;1 (Fig. 3;

Colon-Carmona et al., 1999). The expression of two other

cell cycle-related genes in rcd1-3; sro1-1 root tips, CYCD4;1

(Barroco et al., 2005) and DEL1 (Lammens et al., 2008), is

almost undetectable (Fig. 3K, L, O, P), supporting the

interpretation that mitotic cell division at the root tip is
reduced. There does not appear to be a general problem

with the cell cycle in rcd1-3; sro1-1 mutants, since the

majority of cell cycle genes are expressed normally (Fig. S1).

A reduction in cell division can also be inferred in the aerial

portions of rcd1-3; sro1-1 plants. Both leaves and stems of

the double mutant are smaller with fewer cells (Fig. 9).

More importantly, the vascular cambium is disrupted in the

stem of these plants; it appears that cells of the cambium
have exited the cell cycle and differentiated, leading to

a reduction in secondary growth. Differentiation of many

cell types is abnormal in rcd1-3; sro1-1 leaves and stems

(Fig. 9). Interestingly, the cuticle secreted by leaf epidermal

cells appears thinner, due to either a change in composition

Fig. 9. Cell division, patterning and differentiation are defective in the aerial organs of rcd1-3; sro1-1 plants. Col-0 (A, B, E, F, I, J) and

rcd1-3; sro1-1 (C, D, G, H, K, L). (A–D) Transverse sections of leaves stained with toluidine blue: arrowheads indicate misshapen cells

and arrows indicate large intercellular gaps. (E–H) Transverse sections of stems stained with toluidine blue, through the base of the

inflorescence stem. Small arrows indicate gaps in the vascular cambium while stars indicate interruptions in the continuity of secondary

growth. (I–L) Transverse sections of stems stained with toluidine blue, through the apical region. Scale bars in (B) and (D) represent

50 lm, all other scale bars represent 100 lm. Col-0, Columbia; C, cortex; Cm, cambium; Cu, cuticle; Icm, interfascicular cambium;

Mx, metaxylem; P, palisade cells; Ph, phloem; Pi, pith; Px, protoxylem; Sm, spongy mesophyll; St, stomata; Xf, xylem fibres.

Table 2. rcd1-3; sro1-1 plants make few flowers

Genotype Na Average number
of flowersb

Standard deviation

Col-0 25 55.6 11.0

rcd1-3; sro1-1 25 16.6c 3.1

a Number of plants.
b Primary inflorescence only.
c Significantly different from Col-0 at P < 0.001.
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or a reduction in amount (Fig. 9C, D). Neither RCD1 nor

SRO1 is expressed in pavement cells of the leaf epidermis

(although they are expressed in guard cells (Winter et al.,

2007; Jaspers et al., 2009) suggesting that any change in

cuticle production by those cells is a non-autonomous

function of these genes.

Our results indicate that RCD1 and SRO1 are necessary

for proper organization of the RAM and the distal root. In
rcd1-3; sro1-1 mutants QC cells cannot be histologically

identified (Fig. 5) and expression of two different QC

markers is disrupted (Fig. 8), suggesting that QC cells have

lost at least some of their proper identity. The QC is

necessary to sustain root meristem function and indetermi-

nate growth of the root, which appears to be compromised

in the mutants. The fate of the QC and surrounding cells is

established by the actions of auxin and the PLT genes. An
auxin gradient with a maximum near the tip is generated by

flux of this hormone and this is sufficient to form

meristematic and elongation zones (Grieneisen et al., 2007).

Auxin induces the expression of the PLT genes (Aida et al.,

2004), which in turn regulate auxin transport as the triple

mutant plt1; 2 ; 3 shows reduced or no expression of PIN1,

PIN2, and PIN3 (Galinha et al., 2007), demonstrating that

these two pathways are interdependent. Once the meristem
has been established, WUSCHEL-RELATED HOMEO-

BOX 5 (WOX5), SHR, and SCR transcription factors

control the activities and identity of those cells (Sabatini

et al., 1999, 2003; Stahl et al., 2009). In order to determine

whether disruption of any of these pathways contributes to

the root meristem defects we see in rcd1-3; sro1-1 plants, we

examined the expression of PLT1, PLT2, SHR, and SCR in

this background (Fig. 6). The expression of these genes was
similar to the wild type, suggesting that cell fate in the

region is established normally and that the maintenance of

the meristem and identity of QC cells is affected in rcd1-3;

sro1-1 by pathways at least partially independent of the

above-mentioned genes.

Auxin homeostasis appears to be relatively normal in

rcd1-3; sro1-1 plants as well. Auxin maxima form in the

embryo and are maintained in the post-embryonic root,
based on expression of DR5rev::GFP (Fig. 7). Expression of

the auxin efflux carriers PIN1, PIN2, and PIN4, and the

influx carriers AUX1 and LAX3 did not significantly change

in the rcd1-3; sro1-1 mutants (Figs 7, S2). However,

expression and accumulation of PIN7 were disrupted, with

a larger gap between stele and columella zones or complete

absence in the stele, accompanied by increased expression in

fewer cells of the columella. The disruption in root cap
organization and maturation we observed might be at least

partially caused by the higher levels of PIN7 accumulation

in the root tip, leading to a depletion of auxin signalling in

the cap and subsequent patterning and differentiation

abnormalities in the root cap, although this remains to be

investigated.

In addition to the pathways discussed above, QC identity

and activity are regulated by redox balance. Glutathione
(GSH) has been localized to the meristem and the hair cell

files within the epidermis in Arabidopsis roots; however, it

was not seen within the QC cells (Sanchez-Fernandez et al.,

1997). This suggests that QC cells may accumulate

more oxidants than surrounding cells. In maize, this is

known to be true (Jiang et al., 2003) and it has been

demonstrated that altering this can affect meristem function

(Sanchez-Fernandez et al., 1997; Kerk et al., 2000). Loss of

the GSH biosynthetic enzyme encoded by ROOT MERIS-

TEMLESS1 (RML1) causes loss of the root meristem and
no post-embryonic root, suggesting that GSH is essential

for root meristem maintenance (Vernoux et al., 2000).

Recent work has demonstrated that GSH is necessary for

QC identity and auxin maxima formation by, directly or

indirectly, stabilizing accumulation of the auxin efflux

carriers PIN1, PIN2, and PIN7 (Koprivova et al., 2010).

rcd1 mutants are known to accumulate ROS and reactive

nitrogen species (Overmyer et al., 2000; Ahlfors et al., 2008)
and upregulate genes involved in oxidative stress response

(Jaspers et al., 2009). rcd1-3; sro1-1 double mutants appear

to be under constitutive stress and their phenotypes re-

semble those of SIMR (Teotia et al., 2010). Typical SIMR

responses include decreases in root length, stem height, and

leaf area, altered xylem development, and redistribution of

cell division and elongation (reviewed by Potters et al.,

2009). Importantly, the primary RAM stops dividing during
SIMR, leading to shorter roots and disorganized meristems.

Therefore, we hypothesize that the meristem defects we see

in rcd1-3; sro1-1 plants may be due to a SIMR-like

phenomenon, and that a primary function of RCD1 and

SRO1 is to control, directly or indirectly, redox balance in

the cell. Since RCD1 and SRO1 have been shown to bind,

at least in yeast two-hybrid experiments, to a variety of

transcription factors (Belles-Boix et al., 2000; Ahlfors et al.,
2004; Jaspers et al., 2010), it may control the redox

environment by impacting functions of these proteins.

Supplementary material

Supplementary Fig. S1. The cell cycle is not generally

disrupted in rcd1-3; sro1-1 plants. Wild type-like (A, C, E,

G, I, K, M, O, Q, S, U) and rcd1-3; sro1-1 (B, D, F, H, J, L,

N, P, R, T, V). CDKA;1p::GUS (A, B); CDKB1;1p::GUS

(C, D); CYCA2;3p::GUS (E, F); CDKD;1p::GUS (G, H);

CYCA2;1p::GUS (I, J); E2fap::GUS (K, L); CKS1p::GUS

(M, N); CYCD3;1p::GUS (O, P); DEL3p::GUS (Q, R);

KRP2p::GUS (S, T); WEE1p::GUS (U, V). Scale bars in
(A–L) represent 50 lm, while scale bars in (M-V) represent

1 mm. For each marker line, a scale bar is shown in the wild

type-like image that also applies to the corresponding

double mutant image.

Supplementary Fig. S2. Expression of auxin transport

components is normal in rcd1-3; sro1-1 plants. Wild type-

like (A, C, E, G, I) and rcd1-3; sro1-1 (B, D, F, H, J).

PIN2p::PIN2-GFP (A, B); PIN4p::PIN4-GFP (C, D);
AXR4p::AXR4-YFP (E, F); AUX1p::AUX1-GFP (G, H);

LAX3p::LAX3-YFP (I, J). Scale bars represent 50 lm and

scale bar in each row applies to both images in that row.

Supplementary Table S1. Transgenic lines used in this

study.

RCD1 and SRO1 and the root meristem | 1281

Supplementary Fig. S2.
Supplementary Fig. S2.
Supplementary Table S3.


Supplementary Table S2. Auxin sensitivity.

Supplementary Table S3. Cytokinin sensitivity.
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