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Isolation, Characterization, and Pericycle-Specific Transcriptome Analyses
of the Novel Maize Lateral and Seminal Root Initiation Mutant rum1

Abstract
The monogenic recessive maize (Zea mays) mutant rootless with undetectable meristems 1 (rum1) is
deficient in the initiation of the embryonic seminal roots and the postembryonic lateral roots at the primary
root. Lateral root initiation at the shoot-borne roots and development of the aerial parts of the mutant rum1
are not affected. The mutant rum1 displays severely reduced auxin transport in the primary root and a delayed
gravitropic response. Exogenously applied auxin does not induce lateral roots in the primary root of rum1.
Lateral roots are initiated in a specific cell type, the pericycle. Cell-type-specific transcriptome profiling of the
primary root pericycle 64 h after germination, thus before lateral root initiation, via a combination of laser
capture microdissection and subsequent microarray analyses of 12k maize microarray chips revealed 90 genes
preferentially expressed in the wild-type pericycle and 73 genes preferentially expressed in the rum1 pericycle
(fold change .2; P-value ,0.01; estimated false discovery rate of 13.8%). Among the 51 annotated genes
predominately expressed in the wild-type pericycle, 19 genes are involved in signal transduction,
transcription, and the cell cycle. This analysis defines an array of genes that is active before lateral root
initiation and will contribute to the identification of checkpoints involved in lateral root formation
downstream of rum1.
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and Seminal Root Initiation Mutant rum11[w]
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The monogenic recessive maize (Zea mays) mutant rootless with undetectable meristems 1 (rum1) is deficient in the initiation of the
embryonic seminal roots and the postembryonic lateral roots at the primary root. Lateral root initiation at the shoot-borne roots
and development of the aerial parts of the mutant rum1 are not affected. The mutant rum1 displays severely reduced auxin
transport in the primary root and a delayed gravitropic response. Exogenously applied auxin does not induce lateral roots in
the primary root of rum1. Lateral roots are initiated in a specific cell type, the pericycle. Cell-type-specific transcriptome
profiling of the primary root pericycle 64 h after germination, thus before lateral root initiation, via a combination of laser
capture microdissection and subsequent microarray analyses of 12k maize microarray chips revealed 90 genes preferentially
expressed in the wild-type pericycle and 73 genes preferentially expressed in the rum1 pericycle (fold change .2; P-value
,0.01; estimated false discovery rate of 13.8%). Among the 51 annotated genes predominately expressed in the wild-type
pericycle, 19 genes are involved in signal transduction, transcription, and the cell cycle. This analysis defines an array of genes
that is active before lateral root initiation and will contribute to the identification of checkpoints involved in lateral root
formation downstream of rum1.

Maize (Zea mays) displays a complex root stock
architecture composed of different root types formed
at different stages of plant development (Hochholdinger
et al., 2004a, 2004b). The primary root at the basal pole
of the seedling develops from the embryonic radicle
that is initiated early during embryogenesis while the
seminal roots that develop at the scutellar node in
variable numbers are initiated from primordia that can
be detected in the mature embryo. Later, shoot-borne
crown and brace roots are formed from consecutive
underground and aboveground stem nodes. A com-
mon feature of all root types is the formation of lateral
roots from pericycle cells in the differentiation zone

some distance from the root apex (Esau, 1965). The
initiation of lateral roots, i.e. the first division of founder
cells (Lloret and Casero, 2002), is induced by endoge-
nous signals of the maize plant, such as auxin, that
stimulate pericycle cell division (Dubrovsky et al.,
2000). In contrast to Arabidopsis (Arabidopsis thaliana),
the sites of lateral root initiation cannot be predicted in
maize roots (Bell and McCully, 1970).

Few mutants specifically affected in root formation
have been described in maize (Hochholdinger et al.,
2004a, 2004b). Two of these mutants are impaired in
root initiation: the mutant rootless concerning the crown
and seminal roots (rtcs) is affected in the initiation of all
shoot-borne stem-derived postembryonic roots and in
the initiation of the embryonically formed seminal
roots (Hetz et al., 1996). The mutant lrt1 is impaired in
early postembryonic lateral root initiation at the pri-
mary and seminal roots (Hochholdinger and Feix,
1998a). In the lateral rootless1 (lrt1) mutant, lateral
root development cannot be restored by exogenous
application of auxin. A common feature of all maize
root mutants described thus far is that they are affected
in specific root types during different developmental
phases, hence, defining complex genetic networks
involved in maize root formation (Hochholdinger
et al., 2004b).

In Arabidopsis, two mutants have been identified
that are affected in lateral root initiation. The mutants
alf4 (Celenza et al., 1995) and Slr (Fukaki et al., 2002)
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are both blocked in lateral root initiation while pri-
mary root elongation is not affected. In both mutants,
lateral root formation cannot be induced by exogenous
auxin application, and both mutants showed pleiotro-
pic effects in their aerial parts.

Polar auxin transport is necessary for several aspects
of root development, including primary root elongation,
gravity response, and lateral root formation (Muday
and Haworth, 1994). Auxin is transported in two
directions in the primary root. In the phloem paren-
chyma of the central cylinder, polar auxin transport is
directed from the base of the root toward the root tip
(acropetal). In the region between the root tip and the
elongation zone, auxin is transported away from the
root tip (basipetal) in the epidermis (Mitchell and
Davies, 1975). Experiments with auxin transport in-
hibitors in Arabidopsis have demonstrated that the
auxin movement from the shoot toward the root tip is
responsible for lateral root development (Reed et al.,
1998), while auxin movement away from the root tip is
required for gravitropism and primary root elongation
(Rashotte et al., 2000), although involvement of basip-
etal auxin transport in lateral root formation has also
been discussed recently (Casimiro et al., 2001). Several
genes involved in auxin transport, including the pos-
tulated efflux carriers of the pin family (Gälweiler et al.,
1998; Müller et al., 1998; Friml et al., 2002a, 2002b), the
auxin importer aux1 (Marchant et al., 1999), and the
postulated efflux carriers pgp1, pgp2, and pgp19 (Noh
et al., 2001), have been cloned recently in Arabidopsis.
The maize ortholog of pgp1 is not expressed in roots
(Multani et al., 2003).

Microarray experiments allow for the monitoring of
transcriptional activity of thousands of genes in par-
allel. Until recently, microarray expression profiling in
plants was confined to the analysis of whole organs
that are composed of various cell types, each display-
ing a distinct mRNA expression profile. Such micro-
array experiments provide average gene expression
profiles of all cells in an organ and may potentially
mask differential gene expression in a particular cell
type. Laser capture microdissection (LCM) technology
allows for the analysis of cell-type-specific gene expres-
sion profiles (Asano et al., 2002; Kerk et al., 2003;
Nakazono et al., 2003). In this approach, frozen or fixed
cells of interest are physically linked to a thermoplastic
film with a low-power laser beam. After isolation and
amplification of RNA from these cells, their corre-
sponding labeled cDNAs can be hybridized to micro-
array chips (Schnable et al., 2004). In a similar approach,
a cell-type-specific gene expression map of the Arabi-
dopsis primary root was generated by a combination of
protoplasting and subsequent cell sorting of cell-type-
specific marker lines (Birnbaum et al., 2003).

This article describes the isolation and characteriza-
tion of rootless with undetectable meristems 1 (rum1),
a novel maize mutant affected in lateral and seminal
root initiation, and a comparative transcriptome anal-
ysis of the wild type versus rum1 pericycle using a 12k
maize cDNA microarray.

RESULTS

Isolation and Genetic Characterization of the
rum1 Mutant

The 1,967 F2 families of Mutator-tagged maize stocks
were screened for aberrant root phenotypes with the
paper roll test, and a novel mutant, rum1, was isolated.
The rum1 mutant completely lacks seminal roots and
does not develop lateral roots on the primary root within
10 d after germination (DAG; Fig. 1A). The initial
screening of the F2 family that led to the isolation of
the mutant rum1 revealed a segregation ratio that was
not statistically different than the 3:1 expected for
a monogenic recessive mutant (Table I). Wild-type and
mutant plants of segregating families were selfed over
several generations. Selfed heterozygous wild types are
expected to generate wild-type and mutant seedlings in
a 3:1 ratio. Segregation data of selfed heterozygous wild-
type plants (Table I) are most consistent with a mono-
genic recessive inheritance of the rum1 gene.

In addition, the mutant rum1 was reciprocally intro-
gressed into the inbred lines B73, F2, F7, Aet, and Hi II
A. All backcrosses revealed rum1 phenotypes in their F2
progenies (Table I). For each of the inbred lines, the
segregation ratio of wild-type to mutant seedlings was
homogenous as determined by the x2 test irrespective
of the pollen donor. Thus, no difference was observed in
the transmission rate of the mutant allele via the male
or female gametophyte. However, introduction of the
rum1 gene into different genetic backgrounds resulted
in segregation ratios that were statistically consistent
with a 13:3 instead of the expected 3:1 segregation ratio
(except for the inbred line F7). This could be explained
by a recessive suppressor of the rum1 gene present in
these genetic backgrounds.

The 52,800 plants derived from crosses of homozy-
gous rum1-1 mutants to highly active Mutator stocks
were screened via the paper roll test for rum1 mutant
root phenotypes. Eight new rum1 alleles designated
rum1-2 to rum1-9 were identified via this screen (Fig.
1B). All new alleles had the same phenotypic charac-
teristics as the reference allele rum1-1.

The Mutant rum1 Is Deficient in Primordia Formation of

Embryonic Seminal and Postembryonic Lateral Roots

Seminal root primordia are initiated in the region
above the scutellar node late during embryogenesis
(approximately 25 to 30 d after pollination [DAP];
Sprague, 1977; Erdelska and Vidovencova, 1993) in
wild-type embryos (Fig. 2A). Transverse sections of
wild-type and rum1 embryos 30 DAP revealed that
the mutant rum1 does not initiate any seminal root
primordia (Fig. 2B). Transplantation of young wild-
type and rum1 embryos (15 DAP) on a regeneration
medium (Armstrong and Green, 1985) prior to the
initiation of seminal root primordia revealed that the com-
petence for seminal root initiation was already lost in the
mutant rum1 at this early stage of embryogenesis. Al-
though transplanted rum1 embryos germinated within 3 d
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after transfer to nutrient medium, they did not develop
seminal roots; in contrast, wild-type embryos, germinated
under the same conditions, did develop seminal roots
(data not shown).

Lateral root primordia are initiated inside the pri-
mary root tissue from pericycle cells several days
before emerging lateral roots penetrate the epidermis
and become visible from outside. Lateral root primor-
dia of the basal and, thus, the most differentiated 2 cm
of the primary root were visualized with Schiff’s base

in a time course between 3 and 7 DAG (Fig. 1, C–G).
Lateral root primordia became visible in wild-type
primary roots about 4 DAG (Fig. 1D). Lateral root
primordia were never detected in wild-type primary
roots 3 DAG. While wild-type seedlings displayed
fully developed lateral roots on the primary root 7
DAG, no lateral root primordia were detectable at this
developmental stage in the mutant rum1 (Fig. 1G).
These results were further supported by serial cross
sections and longitudinal sections of wild-type (Fig. 2C)

Figure 1. Phenotypic properties of the
root mutant rum1. A, Root system of
wild-type (left) and rum1 (right) seed-
lings 10 DAG. The mutant rum1 does
not form lateral and seminal roots. P,
Primary root, S, seminal root. B, Three
of eight additional alleles of rum1 (11
DAG) generated via direct-tagging. C
to H, Detection of meristematic tissue
by Feulgen staining (magenta precipi-
tate) in the basal part of the primary
root. Left, Wild type; right, rum1. Time
course of root development: 3 DAG
(C), 4 DAG (D), 5 DAG (E), 6 DAG (F),
7 DAG (G and H). C to G, Developing
lateral roots; H, primary root tip. J and
K, Close up of the coleoptilar node and
second node of wild type (J) and rum1
(K) 30 DAG. The mutant rum1 (K) does
not initiate crown roots at the coleop-
tilar node in most instances. C, co-
leoptilar node. L and M, Crown roots
30 DAG; lateral roots develop nor-
mally on wild type (L) and rum1 (M).
N, Wild-type and rum1 root system
30 DAG. Left, Wild type; middle and
right, rum1. The presence of crown
roots at the coleoptilar root determines
the formation of lateral roots at the
primary root. Middle, Crown roots
present, no lateral roots at the primary
root; right, no crown roots present,
lateral roots formed at primary root
late in development. P, primary root.
O, Aboveground phenotype of wild-
type (left) and rum1 (right) plants
45 DAG does not display any differ-
ences. P, Phenotypic properties of the
rum1/rtcs double mutant. From left to
right: wild-type, rtcs, rum1, and rum1/
rtcs seedlings 12 DAG. Double mutant
displays an additive phenotype (see
text). Q, Phenotypic properties of the
double mutant rum1/lrt1. From left to
right: wild-type, lrt1, rum1, and lrt1/
rum1 seedlings 12 DAG. Double mu-
tant displays a novel phenotype (see
text). Bars5 1 cm in A, B, L, M, P, and
Q, 5 mm in C to H, 2 mm in J and K,
2 cm in N, and 12 cm in O.

rum1 Governs Lateral and Seminal Root Initiation in Maize
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and mutant primary roots (Fig. 2D). The mutant rum1
did not display any lateral root primordia at any of these
early developmental phases. For wild-type primary
roots, the first pericycle cell divisions were detected
4 DAG. In none of the analyzed samples was division
of pericycle cells observed at 3 DAG. Feulgen staining
pattern of the primary root tip did not show any
difference between the wild-type and rum1 primary
root region of the apical meristem (Fig. 1H).

Determination of primary root length 10 DAG
revealed that the primary root length of the mutant
rum1 was reduced by 29.8% in light-grown seedlings
and by 23.8% in dark-grown seedlings compared to
wild-type primary roots (Table II). Root hair formation
on the primary root of the mutant rum1 was not
affected (data not shown). Among dark-grown seed-
lings, the mesocotyl and coleoptile of the mutant rum1
showed a 107% and 77% increase in length, respec-
tively, as compared to the wild type; no difference in
mesocotyl length was observed between genotypes
when germinated in the light (Table II).

Cross sections of coleoptilar nodes (first shoot
nodes) of wild-type (Fig. 2E) and rum1 seedlings (Fig.
2F) grown under hydroponics until 30 DAG indicated
that crown roots at the coleoptilar node were initiated
in rum1 mutants but that these undifferentiated pri-
mordia did develop into crown roots in only 17% of
the mutant plants. In the remaining 83% of the mutant
plants, no crown roots were formed from the undif-
ferentiated crown root primordia at the coleoptilar
node of rum1 (Fig. 1, K and wild type in J), although
normal shoot-borne roots, including lateral roots, de-
veloped on the consecutive stem nodes (Fig. 1, L and
wild type in M). The term undifferentiated crown root
primordia describes early developmental stages of the

primordia where the different cell types that will
subsequently form the newly emerging crown roots
cannot be distinguished. Two different primary root
phenotypes were observed 30 DAG depending on the
presence of crown roots at the coleoptilar node. The
17% of the mutant plants that formed crown roots at
the coleoptilar node did not initiate lateral roots on the
primary root by day 30 after germination. More
frequently, mutant plants that failed to initiate crown
roots at the coleoptilar node (83% of the mutants)
formed lateral roots in the tip region of the primary
root approximately 3 d after transfer into hydroponics
culture (Fig. 1N) irrespective of the use of nutrient
solution or distilled water in the hydroponics culture.
This transient phenotype might be indicative of a pre-
cise developmental window in which the rum1 gene
inhibits lateral root formation or of the activity of
another gene that is involved in lateral root initia-
tion on the primary root later in development. No
obvious differences were detectable in aboveground
development between rum1 and wild-type plants
(Fig. 1O).

Interaction of Maize Root Initiation Mutants

Allelism of rum1was tested with the shoot-borne root
initiation mutant rtcs (Hetz et al., 1996) and the lateral
root initiation mutant lrt1 (Hochholdinger and Feix,
1998a) by reciprocal crosses of rum1 mutants with rtcs
and lrt1 mutants. Since all progenies of these crosses
displayed a wild-type phenotype in the F1 generation,
we concluded that the mutants were not allelic.

Double mutants were generated to observe possible
interactions between the different loci involved in root
initiation. The segregation ratios are given in Table III.
Crosses between rum1 and rtcs revealed double mu-
tants with an additive phenotype in the F2 generation
(Fig. 1P). The double mutants developed only a pri-
mary root that completely lacked all lateral roots, thus
combining the root phenotypes of rtcs (i.e. a complete
lack of crown roots) and rum1 (no lateral roots on the
primary root) in an additive way. All double mutant
seedlings died shortly after transfer into soil, presum-
ably due to the limited absorbing capacity of their
drastically reduced root system. The mutants rum1
and rtcs grew to maturity under the same conditions.
Crosses of lrt1 and rum1 revealed seedlings with a
novel phenotype in the F2 generation that we con-
cluded to represent the double mutant. The rum1/
lrt1 double mutant showed a severely reduced pri-
mary root and shoot compared to the wild type and
the single mutants. No lateral or seminal roots were
observed in the double mutant (Fig. 1Q). The lrt1/
rum1 double mutant also died after transfer into soil.
Longitudinal scans of the basal end of the primary root
showed no difference in cortical cell size and organi-
zation between the wild type, single mutants, and lrt1/
rum1 double mutants under a confocal laser scanning
microscope (Fig. 2, G–K). The reduced size of the
double mutant seedling might thus be caused by

Table I. Genetic analysis of rum1

Generation
Wild

Type
rum1

Observed

Ratio

Expected

Ratio
x2

F2
a 13 4 3.3:1 3:1 0.01b

F3
c 105 31 3.4:1 3:1 0.26b

F4
c 376 95 4.0:1 3:1 4.48b

F5
c 153 48 3.2:1 3:1 0.06b

Backcrosses in inbred lines (F2 generation)c,d

B73 323 53 18.3:3 13:3e 5.43f

F2 211 34 18.6:3 13:3 3.85f

F7 209 64 9.9:3 13:3 4.07f

Aet 221 36 18.3:3 13:3 3.69f

Hi II A 414 64 19.5:3 13:3 9.25f

aSegregation ratio of seeds from the original ear in which the
mutation was identified. bCutoff value for an expected 3:1 ratio:
x1;0.99

2 , 6.63. cCombined segregation ratios of several segregat-
ing plants from that generation. dSegregation data of reciprocal
crosses was combined because they yielded similar x2 values.
eSegregation ratios are most consistent with the presence of a nega-
tive recessive suppressor of the rum1 gene, which would result in a
13:3 segregation. fCutoff value for an expected 13:3 ratio:
x1;0.99

2 , 6.63.
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Figure 2. Histological analyses of the mutant rum1.
A and B, Cross sections of the scutellar node of wild-
type (A) and rum1 (B) embryos 30 DAP. Arrows
indicate the seminal root primordia in the wild type.
No seminal root primordia were detected in the
mutant rum1. C and D, Longitudinal sections of the
primary root of wild type (C) and themutant rum1 (D)
5 DAG. No lateral root primordia were detected in
the mutant rum1 (D), while the wild-type (C) dis-
played well-developed primordia at this develop-
mental stage. E and F, Cross sections through the
coleoptilar node of wild type (E) and themutant rum1
(F) 30 DAG. While the wild-type develops various
crown roots, the mutant rum1 displays only a rudi-
mentary crown root primordium (indicated by an
arrow). A to F, Stained with Safranin O and Fastgreen.
G to K, Confocal laser scanning analysis of the
cortical cell structure in the basal part of the primary
root after propidium iodide staining of wild-type (G),
lrt1 (H), rum1 (J), and the double mutant lrt1/rum1
(K). Despite the significantly reduced primary root
length of the double mutant (compare with Fig. 1Q),
cortical cell elongation is not affected in the double
mutant. Bars 5 500 mm in A, B, E, and F, 800 mm in
C and D, and 100 mm G to J.
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reduced or arrested meristematic activity of the apical
meristems in the double mutant, although longitudi-
nal sections of the root apical meristems did not show
any histological difference between the wild type and
the double mutant (data not shown).

The Mutant rum1 Is Affected in Polar Auxin Transport

Exogenous application of the auxin a-naphthyl
acetic acid (a-NAA), which can passively diffuse into
the cells (Delbarre et al., 1996), induces lateral root
formation and inhibits primary root elongation in
wild-type plants. Wild-type and rum1 seeds were
germinated in paper rolls in the presence of different
concentrations of a-NAA (0, 0.01, 0.1, 1, and 10 mM). At
10 DAG, wild-type and rum1 seedlings showed a sim-
ilar reduction of primary root length at increasing
concentrations of auxin. However, in contrast to wild-
type seedlings, the mutant rum1 did not develop any
lateral roots on the primary root at any of the applied
a-NAA concentrations. Hence, the primary root of the
mutant rum1 showed normal sensitivity toward exog-
enously applied auxin; however, the pericycle cells did
not respond by initiating lateral roots.

Polar auxin transport was measured in the primary
root and the coleoptile of the mutant rum1. The major
bioactive auxin in plants, indole-3-acetic acid (IAA), is
known to be transported acropetally (toward the root
tip) in the basal part of roots (Sachs, 1991) and basip-
etally (away from the tip) in coleoptiles. 3H-IAA trans-
port in 3-DAG rum1 primary root fragments was
reduced by 83% compared to the wild type. Polar auxin
transport was enhanced in rum1 compared to wild-type
coleoptiles (Fig. 3). This increase was, however, not
statistically significant. In contrast to the mutant rum1,
polar auxin transport was not affected in the only other
known maize lateral root initiation mutant lrt1 when
compared to wild-type seedlings (data not shown).

The reduced polar auxin transport in the rum1
primary root raised the question if the reduced auxin
transport capacity also results in a reduced concentra-
tion of biologically active free auxin (IAA) in rum1
primary roots. IAA levels were measured via HPLC.
Free IAA levels were similar in wild-type and rum1
roots (wild type, 0.10 6 0.03 nmol/mg dry weight;
rum1, 0.11 6 0.02 nmol/mg dry weight). Thus, a re-
duced concentration of free auxin cannot be the cause

for reduced auxin transport in the mutant rum1. In-
terestingly, only a small fraction of the detected IAA
was present as free active IAA, while most of it was
present in the inactive covalently bound form (wild
type, 95.8%; rum1, 73.7%).

The gravitropic response of the primary root is
related to polar auxin transport. The primary root of
the mutant rum1 displayed a delayed gravitropic
response in comparison to the wild-type primary
root. A different gravitropic response of the mutant
rum1 was detectable at least between 2 and 8 h after the
gravitropic stimulus (Fig. 4). No significant difference
in gravitropic response was detectable in coleoptiles of
rum1 compared to wild-type seedlings (data not
shown).

In an effort to investigate the expression of genes
known to be involved in polar auxin transport in the
rum1 mutant and to exclude the possibility that
the knockout of one of the known auxin transporters
is the reason for the rum1 phenotype, the expression of
13 maize orthologs of putative auxin transporters from
Arabidopsis, including eight members of the pin and
five members of the aux1 gene families, was deter-
mined. The 3# untranslated regions (UTRs) of these
genes were analyzed via reverse RNA gel-blot anal-
yses in roots of 5-d-old seedlings. Maize orthologs of
the putative auxin transporters from the pin and aux1
gene families were identified via BLAST database
searches (Altschul et al., 1997) in the maize genome
database (www.maizegdb.org) and in the maize as-
sembled genomic island database (http://maize.
ece.iastate.edu/asm.html) using Arabidopsis pin and
aux1 sequences as query sequences with a cutoff value
of e210. Specific PCR primers were designed for the 3#
UTR of the eight identified maize orthologs of the pin
gene family and the five members of the aux1 gene
family. In addition, specific 3# UTR probes of the maize

Table II. Characterization of 5-d-old light- and dark-grown wild-type and rum1 seedlings

Dark Light
Characteristics

Wild Type rum1 Wild Type rum1

Primary root length (cm) 13.0 6 2.6 (70)a 9.9 6 2.4 (33)**b 5.7 6 2.6 (30) 4.0 6 2.4 (30)**
Mesocotyl length (cm) 2.7 6 1.2 (65) 5.6 6 1.8 (65)** 0.7 6 0.3 (20) 0.7 6 0.3 (20)
Coleoptile length (cm) 1.3 6 0.5 (40) 2.3 6 0.5 (40)** n.d.c n.d.

aNumbers in parentheses indicate the number of replicates for each measurement. bTwo asterisks
indicate a significant difference (t test; a 5 1%) between wild type and rum1 under a specific light
regime. cLight-grown coleoptiles were already penetrated by green leaves and wilted 5 DAG. n.d., Not
determined.

Table III. Genetic analysis of double mutants

Double Mutants

(F2 Generation)

Wild

Type
rum1 Mutant Double Mutant x2a

rtcs 3 rum1 269 13 67 21 63.6
rum1 3 rtcs 565 26 99 50 157
lrt1 3 rum1 243 28 25 15 61.2
rum1 3 lrt1 155 32 18 13 23.3

aCutoff value for an expected 9:3:3:1 ratio: x3;0.99
2 , 11.34.
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genes actin1 and glyceraldehyde-3-P dehydrogenase
(GAPDH), which are constitutively expressed at sim-
ilar levels in different tissues, have been generated and
used as an internal reference (Coker and Davies, 2003).

None of the eight pin and the five aux1 orthologs
showed significantly different expression (.2-fold) in
roots of wild-type seedlings versus rum1 (Fig. 5). The
maize orthologs of the putative auxin efflux carrier
genes pgp2 and pgp19 were not detectable in an RNA
gel-blot analysis in the primary root of 5-DAG maize
seedlings (data not shown).

Differential Gene Expression between Wild-Type and

rum1 Pericycle Cells

Lateral roots in maize are initiated during postem-
bryonic development via dedifferentiation and subse-
quent division of pericycle cells. Pericycle cells of the
lateral root initiation mutant rum1 and of the corre-
sponding wild-type pericycle were isolated via LCM
from 64-h-old primary roots and subsequently hybrid-
ized to 12k maize cDNA microarray chips. We chose
this very early developmental stage because in our
histological analyses of wild-type and mutant primary
root development, we did not detect any pericycle cell
divisions in 3-DAG primary roots. To account for any
variability in lateral root initiation, we took our samples
2.5 DAG (64 h after germination). Statistical analyses
using specific variances for each gene revealed 90 genes
that displayed significantly higher expression in peri-
cycle cells of the wild type compared to rum1 pericycle
cells (Supplemental Table I). For 57% (51/90) of these
genes, a functional annotation was possible via BLASTx
searches in the NCBI nonredundant database (as of
January 3, 2005). Among the remaining 39 genes, for
15 genes, a database hit to proteins with unknown
function was retrieved, and for 24 genes, no database
hits were found. Differentially expressed genes were
annotated according to the Munich Information Center
for Protein Sequences database (version 2.0; http://
mips.gsf.de/proj/thal/db). Metabolism (15/51), tran-
scription (10/51), and cellular transport (8/51) were the
most prominent classes among the genes predomi-
nantly expressed in wild-type pericycle cells. Other,
however, less frequent categories among the differen-
tially expressed genes were signal transduction/
cellular communication (5/51), cell cycle (4/51), protein
fate (folding, modification, and destination; 2/51), sub-
cellular localization (2/51), translation (2/51), cell rescue,

Figure 4. Gravitropic response of wild type
(black triangles) and the mutant rum1 (white
triangles) primary root tips. Seedlings grown in
paper rolls for 3 d were turned 90� at time 0. The
angle of curvature was measured at the indicated
times. Each triangle represents the mean of eight
measurements. The mutant rum1 shows a signif-
icant reduction in gravitropic response compared
to the wild type between 2 and 8 h after in-
duction. **, Indicates significant difference for
t test (unknown and unequal variances of the two
populations) at a level a of 1%; error bars indicate
standard error of the mean.

Figure 3. Polar auxin (3H-IAA) transport in wild-type and rum1 roots
and coleoptiles. White columns indicate polar auxin transport (root,
transport toward the root tip; coleoptile, transport away from the tip of
the coleoptile); black columns represent the control transport experi-
ments. Polar auxin transport in the primary root of the mutant rum1 is
reduced by 83% compared to polar auxin transport in wild-type
primary roots. In the coleoptile, no statistically significant differences
in transport were detected. **, Indicates a significant difference in the
t test (unknown and unequal variances of the two populations) at a level
a of 1%; error bars indicate standard error of the mean.
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disease and defense (1/51), cell fate (1/51), and trans-
posable elements and viral proteins (1/51).

In addition, 73 genes were preferentially expressed in
the pericycle of the mutant rum1 (Supplemental Table
II). In all, 55% (40/73) of the genes predominantly
expressed in rum1 were functionally annotated via
BLASTx database searches. The remaining genes were
unclassified or of unknown function (12/73) or did not
yield any database hit (21/73). Metabolism (7/40) and
energy generation (7/40) were the most prominent
classes, followed by the classes of cell rescue, defense,
and virulence (5/40) and protein fate (5/40), transcrip-
tion (4/40), signal transduction/cellular communication
(3/40), subcellular localization (3/40), unclassified pro-
teins (3/40), translation (1/40), cellular transport (1/40),
and transposable elements and viral proteins (1/40). The

estimated false discovery rate of this pericycle-specific
gene expression data set was calculated as 13.8%.

DISCUSSION

The mutant rum1 defines a novel locus involved in
lateral and seminal root initiation in maize and is the
first root mutant identified so far that displays a phe-
notype restricted to the late embryonic and early post-
embryonic developmental phases. This phenotype
extends the concept of complex overlapping develop-
mental programs active during root formation in maize
(Hochholdinger et al., 2004b). Other known root initi-
ation mutants of maize are either exclusively affected in
early postembryonic development (lrt1; Hochholdinger
and Feix, 1998a) or during late embryonic and late
postembryonic development (rtcs; Hetz et al., 1996).

Analyses of double mutants between rum1 and rtcs
showed an additive phenotype, thus demonstrating
that shoot-borne root initiation and lateral root initia-
tion at the primary root are independent processes.
Moreover, the initiation of seminal root formation that
is affected in rum1 and rtcs mutants is regulated at
least via two independent developmental pathways.
Although the number of seminal roots is inherited in
a complex polygenic manner (Hochholdinger et al.,
2004b), initiation of seminal roots can be blocked by
a mutation in a single gene. The double mutant rum1/
lrt1 displayed a novel phenotype with a considerable
reduction of root and shoot size in addition to the lack
of lateral roots. Since cortical cell elongation and root
organization was not affected in the primary root of
the rum1/lrt1 double mutant, the rum1 and lrt1 genes
could have a cooperative function in the control of
meristematic activity in the root and shoot apex and in
lateral root initiation. A similar phenomenon was
observed for the maize double mutant slr1/slr2. The
lateral root elongation genes slr1 and slr2 cooperate,
however, in pattern formation of the primary root in
addition to lateral root elongation (Hochholdinger
et al., 2001).

The plant hormone auxin plays a crucial role during
embryogenesis (Liu et al., 1993; Hadfi et al., 1998) and
is involved in various aspects of root development
(Friml, 2003). Auxin transport experiments demon-
strated severely reduced acropetal auxin transport
toward the root tip in the primary root of the mutant
rum1. In Arabidopsis, inhibition of polar auxin trans-
port in primary roots was correlated with a block of
lateral root formation (Reed et al., 1998). Therefore, the
reduced transport of auxin in the primary root of the
mutant rum1 might explain the lack of lateral roots in
rum1. The observed delayed gravitropic response of
the mutant rum1 during the first hours after gravi-
stimulus could also be attributed to the reduced polar
auxin transport (Chen et al., 1998) by not allowing
asymmetric auxin distribution in the root tip, which is
necessary for asymmetric inhibition of root elongation
during gravitropic growth (Schurzmann and Hild,

Figure 5. Expression pattern of the maize homologs of putative auxin
transporters from the aux1 and pin families in wild-type (WT) and rum1
primary roots. 3#UTR of the known maize homologs of the pin and the
aux1 gene family as well as of actin1 and GAPDH were amplified and
slot blotted to a membrane. Radioactively labeled cDNA of wild-type
and rum1 primary roots 5 DAG was used as a hybridization probe.
Accession numbers of the maize genes are given.
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1980). However, reduced auxin transport might not be
the single reason for the complete lack of lateral roots
in the mutant rum1. Exogenously applied auxin in-
hibits primary root elongation at increasing auxin
concentrations and induces lateral roots (Chadwick
and Burg, 1967; Hetz, 1996; Inukai et al., 2005; Liu et al.,
2005). While the primary root of the mutant rum1
exhibited a normal response to exogenously applied
auxin, i.e. growth inhibition, this treatment did not
induce lateral roots in the primary root of the mutant
rum1. This implies that the auxin sensitivity of the cells
in the apical region of the rum1 primary root, which
are responsible for the elongation of the primary root,
is not impaired in rum1, while the pericycle cells that
initiate lateral roots in the differentiation zone might
be impaired in auxin sensitivity or auxin signal trans-
duction. Hence, the rum1 gene might have a pleiotropic
regulatory function with respect to auxin action in
roots, which is manifested by reduced polar auxin
transport in the primary root but also by a reduced
sensitivity of the pericycle cells toward auxin. The
maize developmental mutant semaphore1 (sem1; Scanlon
et al., 2002) is also affected in the regulation of polar
auxin transport. However, in contrast to rum1, the
mutant sem1 displays a pleiotropic phenotype affecting
specific domains of the shoot, the embryo, the endo-
sperm, pollen, and lateral root formation. Therefore, the
sem1 gene appears to be a general regulator of polar
auxin transport in maize, while our data suggest that
the rum1 gene is a specific regulator of auxin transport
and auxin perception in the primary root. The rum1
gene also has a defined function during embryonic
seminal root initiation. Disruption of polar auxin trans-
port in Brassica embryos resulted in severe defects in
bilateral symmetry (Hadfi et al., 1998). The embryo of
rum1 does not display such aberrations, indicating
normal polar auxin transport in the embryo. Since
embryonic development of the rum1 mutant is only
affected by the absence of seminal root primordia, the
function of the rum1 gene during embryogenesis seems
to be restricted to the region of the scutellar node.

In Arabidopsis, two mutants, Slr (Fukaki et al., 2002)
and alf4 (Celenza et al., 1995), were identified that are
affected in lateral root initiation but do not signifi-
cantly affect primary root formation. The slr gene
encodes for IAA14, a member of the Aux/IAA protein
family (Fukaki et al., 2002). The alf4 gene encodes for
a plant-specific protein with no structural similarity to
proteins of known function (DiDonato et al., 2004).
Since IAA14 and ALF4 are believed to be required
downstream of auxin synthesis and transport, they are
most likely no candidates for the rum1 gene.

Reverse RNA gel-blot hybridization experiments
indicated only subtle changes in the expression levels
of all 13 available maize homologs of the auxin trans-
porters from the pin and aux1 gene families between
wild-type and rum1 primary roots. Therefore, it is
unlikely that one of the analyzed putative auxin trans-
porters is responsible for the reduced auxin transport
detected in the primary root of the mutant rum1.

Global gene expression profiling of pericycle cells
using a 12k cDNA microarray was conducted to identify
genes that are differentially expressed between wild-
type and rum1 primary root pericycle cells and thus gain
a better understanding of the transcriptional networks
active prior to lateral root initiation. None of the pre-
viously published cell-type-specific transcriptome anal-
yses in plants (Asano et al., 2002; Birnbaum et al., 2003;
Nakazono et al., 2003) dissected the root pericycle. Our
analyses identified 90 genes that were preferentially
expressed in the wild-type pericycle and 73 genes that
were preferentially expressed in the rum1 pericycle.
Remarkably, 19 of the 51 functionally annotated proteins
that were preferentially expressed in wild-type pericycle
cells were regulatory genes involved in signal trans-
duction, transcription, and cell cycle. Preferential expres-
sion of these gene classes in the wild-type pericycle
might indicate that those genes are involved in the
regulatory network that finally leads to the dedifferen-
tiation of the pericycle cells (Dubrovsky et al., 2000) and
consequentially to cell division and lateral root primor-
dia formation, a process that is blocked in the rum1
mutant. Several developmental processes in plants, e.g.
root hair formation or radial organization of the primary
root in Arabidopsis, are controlled by a hierarchy of
transcription factors (Benfey and Weigel, 2001). Tran-
scriptional regulators represented a subset of 10 genes
preferentially expressed in wild-type pericycle cells. The
exact function of these transcriptional regulators is yet
unknown. However, the function of the two differen-
tially expressed helix-loop-helix transcription factors
(NP_194827.1 and AAO72577.1), which control cell pro-
liferation and development of specific cell lineages
(Heim et al., 2003), might support their role in lateral
root initiation. The biological significance of the differ-
entially expressed genes in the class of transcriptional
regulators is supported by the coordinated up-regulation
of the genes HMGB1 (T03640) and CK2 (AAG36872.1)
in the wild-type pericycle. These genes are known
to interact with each other via phosphorylation of
HMGB1 by CK2 (Stemmer et al., 2002). Cyclin T2
(BAD17160.1) was up-regulated in the wild-type peri-
cycle. Cyclins are primary regulators of the activity of
cyclin-dependent kinases, which play a crucial role in
controlling eukaryotic cell cycle progression (Wang et al.,
1994) and are activated when quiescent cells become
ready to reenter the cell cycle (Martinez et al., 1992).
Lateral root initiation is such a process in which quies-
cent pericycle cells are activated and reenter the cell
cycle. The maize mutant rtcs, which is completely
blocked in shoot-borne root initiation, is comparable
to rum1, where the initiation of lateral roots is blocked.
None of the maize cyclins is expressed in rtcs coleop-
tilar nodes, while all four cyclins are expressed in wild-
type coleoptilar nodes that proliferate crown roots
(Hochholdinger and Feix, 1998b).

This pericycle-specific gene expression data set
defines genes related to signal transduction, cell cycle,
and transcription active before lateral root initiation,
which might mediate the developmental cues for the
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initiation of lateral root formation. Preferential expres-
sion of genes from other functional classes in the wild-
type pericycle also appears to be linked to lateral root
initiation. For example, argonaute proteins (NP_
175274.1) are required for stem cell function and organ
polarity (Kidner and Martienssen, 2005). In addition to
the genes preferentially expressed in the wild-type
pericycle, 73 genes were preferentially expressed in
rum1 pericycle cells. Among the 40 annotated genes, at
least 10 can be assigned to the processes of cell wall
formation (expansins, methyltransferases, and mannan
endohydrolases) and defense. Cell walls give shape and
structure to plant cells and organs, while at the same
time maintaining strength, flexibility, and plasticity to
accommodate growth and respond to biotic and abiotic
environmental changes. Thus, cell walls play a pivotal
role particularly with respect to their development and
differentiation (McCabe et al., 1997; Fleming et al., 1999;
Lally et al., 2001; O’Neill et al., 2001). As a consequence
of the lack of lateral roots, the mutant rum1 is consider-
ably challenged in water and nutrient acquisition during
its early developmental phases. This might explain why
stress- and cell-wall-related genes that facilitate water
and nutrient uptake by modifying the chemical compo-
sition of the cell wall are preferentially expressed in the
mutant rum1. Expansins are, for example, cell wall pro-
teins that induce pH-dependent wall extension and
stress relaxation to loosen cell walls during cell enlarge-
ment and root hair growth (Cosgrove et al., 2002). A
similar up-regulation of genes involved in lignin bio-
synthesis, e.g. methyltransferases, has also been ob-
served in a proteome study of the primary root of the
maize lateral root initiation mutant lrt1 (Hochholdinger
et al., 2004c).

The results of this global gene expression profiling
of pericycle cells are an initial step toward a better
understanding of the regulatory networks active in the
pericycle prior to lateral root initiation. Functional
analyses of the up- and down-regulated genes of this
data set will reveal further aspects of the mechanisms
regulating lateral root initiation.

In summary, the rum1 gene is an important novel
checkpoint in auxin-mediated lateral and seminal root
initiation in maize, which might act via the regulation of
auxin transport in the primary root and auxin percep-
tion in the primary root pericycle. Global expression
profiles of pericycle cells have identified regulatory
genes that may be involved in lateral root initiation.
Cloning of the rum1 gene will help to elucidate the
function of the rum1 gene that considerably affects the
molecular networks involved in maize root system
formation.

MATERIALS AND METHODS

Plant Material and Growth Conditions

The mutant rum1 was isolated from mutagenized F2 families generated

from selfed F1 crosses between the inbred line B73 and active Mutator stocks.

The screening of the F2 generation for aberrant root phenotypes was

conducted in the paper roll test. Seeds were surface sterilized with 6%

hypochlorite for 6 min, rinsed in distilled water, and germinated on moistened

filter paper (203 70 cm Grade 603 N; Sartorius). Seedling root phenotypes

were analyzed 10 DAG. To study the older root system, 10-DAG seedlings

were transferred from paper rolls into a hydroponic culture box containing

36 L of gramineae nutrient solution (Marschner, 1995). Oxygen was supplied

with an aquarium pump (Schego). Plant growth chamber conditions for the

paper roll test and hydroponics were 60% humidity, 26�C, 16-h-light, 8-h-dark

regime.

Assessment of Phenotypic Seedling Parameters

Determinations of phenotypic seedling parameters, including root, meso-

cotyl, and coleoptile lengths, were performed by digitalizing seedling pictures

via a scanner (HP scanjet 7400C; Hewlett-Packard Company) and subsequently

analyzing the scans with Image Pro Express software (Media Cybernetics).

The gravitropic curvature of the primary root was measured in seedlings

grown in paper rolls at 28�C in the dark. Three days after germination,

seedlings were glued in their initial position to germination paper with Fixo

Gum (Marabu) and turned 90� relative to their former growth direction. The

gravitropic response was documented by digital photographs every 10 min

for 12 h (PC-Cam 600; Creative).

Genetic Analyses

Propagation and backcrossing of the rum1 mutant was performed accord-

ing to standard genetic procedures (Larson and Hanway, 1977). The parents

into which the mutants were backcrossed were B73, F2, F7, Aet, and Hi II A.

B73 is a commonly used inbred line developed from Stiff Stalk Synthetic

(BSSS). Aet is a highly inbred genetic stock primarily composed of

New England Flint germplasm, and Hi II A was generated by inbreeding an

A1883B73 hybrid. F2 and F7 are two very early and cold-resistant

European (French) inbred lines.

Novel mutant alleles of the rum1 locus were obtained from a directly

tagged population generated by crosses of homozygous rum1-1/rum1-1

reference mutants as females with pollen from highly active Mutator stocks

(rum1-1/rum1-13Rum1/Rum1 Mu). The 52,800 progenies of these crosses

were screened in the paper roll test for rum1 root phenotypes.

Histological Analyses

Safranin/Fast Green Staining

Maize (Zea mays) primary roots, coleoptilar nodes (first shoot node), second

shoot nodes, and mature embryos were fixed in 4% (w/v) paraformaldehyde

for 12 h at 4�C as described by Lim et al. (2000). The 10- to 12-mm sections were

prepared using a Leica RM2145-microtome. Staining of deparaffinized speci-

mens with Safranin O (Applichem) and Fast Green (Serva) was performed

according to standard histological procedures (Johansen, 1940). Stained speci-

mens were analyzed under a Zeiss-Axioskop HBO 100W/2 microscope and

documented with an Olympus SC35, Type12 digital camera.

Feulgen Staining

The basal 2 cm of the primary root of 3- to 7-d-old wild-type and rum1

seedlings that represent the most differentiated part of the root were fixed.

After 10 min of hydrolysis in a 1 N solution of HCl at 60�C, the samples were

stained according to the Feulgen protocol (De Tomasi, 1936) for 30 min. The

staining pattern of the roots was documented with an Olympus SC35, Type12

digital camera under a binocular (Stemi SV8; Zeiss).

Propidium Iodide Staining and Confocal Laser
Scanning Microscopy

Cortical cell elongation of the primary root was analyzed with a confocal

laser scanning microscope (DM IRBE; Leica) with a TRITC wide filter. Hand

sections of the proximal end of the primary root 10 DAG were stained for

10 min in 5 mg/mL of propidium iodide and then washed for 2 min in 50 mL

of water (Oparka and Read, 1994). Samples were mounted in glycerol prior

to analysis with the confocal laser scanning microscope.
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Measurement of Auxin Transport

Polar auxin transport was determined in 2-cm-long proximal fragments of

the primary root (3 DAG) excluding at least 0.4 cm of the root tip, which

contains the meristematic and distal elongation zone (Ishikawa and Evans,

1995), and in 1-cm fragments of the basal part of the coleoptile (5 DAG) after

removing at least 0.3 cm of the coleoptile tip in paper rolls at 28�C in the dark.

Only seedlings with a primary root length of about 2.5 cm were used for the

experiments. Samples were incubated in both orientations in 30 mL of 10 mM

potassium phosphate buffer (pH 5.5) containing 12.5 mCi 3-[5(n)-3H]-indolyl-

acetic acid (3H-IAA; Amersham Biosciences). Primary roots were incubated

for 16 h and coleoptiles for 2.5 h at room temperature. The upper 0.3 cm of the

samples were removed after incubation and analyzed in an Ultima Gold

multipurpose scintillation counter (Packard Instruments).

Measurement of Auxin Content

Homozygous wild-type (B73) and rum1 plants were grown at 28�C for 64 h

in the dark. The apical 0.5 cm of the root apex, including the meristematic

zone, were discarded. Extraction and determination of free and bound IAA

were conducted according to a modified method described by Sweeter and

Vatvars (1976). IAA and its conjugates were extracted in dim light for 30 min

with 30 mL of 80% (v/v) methanol at 3�C. The extract was filtered, methanol

was evaporated, and the aqueous fraction was adjusted to pH 8.0 and

extracted twice with diethyl ether. The ether fractions were discarded, and the

remaining aqueous fraction was acidified to pH 2.8 and extracted as described

before. The combined ether fractions were concentrated, and the residue was

dissolved in 50% (v/v) acetonitrile in HPLC-grade water and used for

determinations of free IAA. For determination of the bound IAA content,

the remaining aqueous fraction was adjusted to pH 11.0 and heated for 1 h at

60�C. The hydrolyzed fraction was acidified to pH 2.8 and treated as described

before. Estimation and quantification of free and bound IAA levels were

performed using a modular HPLC system (Pumps 420, Autosampler 360,

KromaSystem 2000 software; all from Kontron Instruments) equipped with

a Kontron Techsphere ODS column (5-mm particles, 280-Å pore diameter,

length 150 mm) with the following parameters: a gradient of mobile phase

from 15% to 30% (v/v) acetonitrile in HPLC-grade water containing 0.1%

(w/v) trifluoroacetic acid and a flow rate of 0.8 mL/min. IAA was identified

and quantified with a diode array detector (Kontron DAD 440) and a fluores-

cence detector (Shimadzu RF 535, excitation 280 nm, emission 370 nm) and

cochromatography with authentic IAA standards. Additionally, 1H-IAA (9CI)

(87–51-4) was identified using gas chromatography-mass spectrometry as

1H-IAA, 1-(trimethylsilyl)-, trimethylsilyl ester (9CI) (56114–66-0).

Reverse RNA Gel-Blot Analysis

PCR probes of the 3# UTR of the analyzed genes were generated using the

following oligonucleotide primers: ZmPina, ZMtuc03-08-11.220 forward (Fw),

5#-ACTCTCCCACCGCACCTC-3#, reverse (Rev), 5#-GACGCACCAAGAAA-

CACTTG-3#; ZmPinb, ZMtuc03-08-11.14930 Fw, 5#-TCTCTCGCTCGCT-

TCTTCAG-3#, Rev, 5#-TTCAGACAGCATGAAGCAAGAT-3#; ZmPinc,

ZMtuc03-08-11.76 Fw, 5#-CCTGAGCCCTACAACCACTC-3#, Rev, 5#-ACG-

AGCAGTGCCAATTTGTT-3#; ZmPind, ZMtuc03-08-11.19547 Fw, 5#-GGA-

GGCAAGTGAGGAGACTG-3#, Rev, 5#-CGTGACGTGCTTAAACTGGA-3#;
ZmPine, ZMtuc03-08-11.805 Fw, 5#-TACGCGGGGCAGACTCATA-3#, Rev,

5#-GGGAATTGGAGGGACCTGA-3#; ZmPinf, ZMtuc03-08-11.19548 Fw,

5#-GGAGGCAAGTGAGGAGACTG-3#, Rev, 5#-CCGGAGGTGAGCTGTT-

TATC-3#; ZmPing, ZMtuc03-08-11.13048 Fw, 5#-GATGTGGAGCAGGAG-

GAGAC-3#, Rev, 5#-GCGCATGAAAAGTCCCTAAC-3#; ZmPinh, ZMtuc03-

08-11.14931 Fw, 5#-GCGCCCTGCTACTACTGAAG-3#, Rev, 5#-TTCAGAC-

AGCATGAAGCAAGA-3#; ZmAux1a, ZMtuc03-08-11.52 Fw, 5#-GTGGCAC-

ACTGCTGCTTTAG-3#, Rev, 5#-GAAATGGATTCCCCTTCTTTG-3#; ZmAux1b,

AJ011794 Fw, 5#-GTCACGTACGGCCGATTACT-3#, Rev, 5#-TCTCGAAAGC-

AGCTACACACA-3#; ZmAux1c, ZMtuc03-08-11.24489 Fw, 5#-ATTGCAGC-

CGGTGTTAATTG-3#, Rev, 5#-AGCCAAACGAAAACAAAACG-3#; ZmAux1d,

ZMtuc03-08-11.24490 Fw, 5#-CGCTCTCTCTCTCACCGAAT-3#, Rev, 5#-AGA-

TTTGAAGATCGCGGATG-3#; ZmAux1e, MAGI _83218 Fw, 5#-ATCACTG-

AAGCAGCGAGCGA-3#, Rev, 5#-TCGGTTTACGGTCGTTAGCC-3#; Actin1,

AY104722 Fw, 5#-ATGTGACAATGGCACTGGAA-3#, Rev, 5#-GACCTGAC-

CATCAGGCATCT-3#; GAPDH, 3 75326 Fw, 5#-GTCTCCCTGGTAATGAA-

CGA-3#, Rev, 5#-TGCTCCTTTCTCCTTTGCAT-3#.

The PCR products were heat denatured, transferred on a Hybond NX

nylon membrane (Amersham Biosciences) via slot blotting, and cross-linked

to the membrane at 0.12 J/cm2 (BioLink BLX). The membrane was then

prehybridized with 10 mL of a solution containing 50% (v/v) Formamid, 53

Denhardt’s reagent, 63 SSC, 0.5% (w/v) SDS, 0.01 M EDTA, and 100 mg

herring sperm DNA for 2 h at 42�C followed by a hybridization with

a radioactively labeled cDNA probe that was generated from RNA of the

primary root of 5-DAG wild-type and rum1 seedlings. The probes were

synthesized by incubating 1.5 mg RNA with 2.5 mL 10 mM dithiothreitol,

20 units of RNase-inhibitor (MBI Fermentas), 625 ng random hexamer prim-

ers, 13 RT-Puffer, 20 mM each dATP, dTTP, and dGTP, 8 mL 10 mCi/mL

[a-32P]dCTP, and 200 units of reverse transcriptase for 1 h at 42�C. Prior to

hybridization at 42�C overnight, the probe was denatured at 95�C for 5 min.

Washing of the membrane was conducted at 55�C for 30 min with wash-

ing buffer I (23 SSC, 0.1% [w/v] SDS) and washing buffer II (0.13 SSC, 0.1%

[w/v] SDS), respectively. Slot-blot signal intensities where determined with

Bio-1D software (Vilber Lourmat).

Pericycle-Specific Transcriptome Profiling

Plant Material, Growth Conditions, and Fixation
of Primary Root Samples for LCM

Primary roots grown at 28�C for 64 h in the dark with lengths of between

1.5 and 2 cm were utilized. The apical 0.3 cm of the root apex, including the

meristematic zone and the distal elongation zone, were discarded. The

remaining differentiation and elongation zones of the roots were collected in

0.5-cm samples, fixed, and embedded in TissueTek OCT medium according

to the protocol described by Nakazono et al. (2003). The corresponding parts

of three roots were embedded in one cryomold representing one biological

replicate. Circadian effects on gene expression were taken into account by

always germinating and harvesting roots of the same length at the same time

of the day (germination, 6 PM; harvest, 10 AM). This sampling strategy was

chosen because in maize, lateral roots are initiated in the differentiation zone

(Ishikawa and Evans, 1995), although the site of lateral root formation in this

zone cannot be predicted (Bell and McCully, 1970). Since elongation and

differentiation zones in maize are partly overlapping, only pericycle cells

from these two zones were collected. Primary roots in maize emerge around

2 DAG. Thus, 2.5-d-old (64-h-old) primary roots are the earliest develop-

mental stage that is allowing for the isolation of pericycle cells from the

differentiation zone. At this early developmental stage, no lateral root

primordia can be detected in the primary root in wild-type seedlings.

Consequently, this developmental stage represents an early stage before

lateral root initiation.

Cryosectioning and LCM

Preparation of 10-mm primary root cross sections was performed at 220�C
using a cryostat (Leica CM1850) and mounted on adhesive slides using the

CryoJane tape-transfer system (Instrumedics). At most, only every fifth

section of a series was collected on an adhesive tape window that was

brought into contact with the specimen before sectioning. The tape-window

containing the cross section was transferred and firmly cross-linked to an

adhesive-coated slide with a flash of 360-nm UV light. After removal of the

tape window, cross sections were dehydrated by a series of 70% (220�C), 95%,

100% (v/v) ethanol each for 1 min followed by three xylene steps for 2 min on

ice. Sections were kept in fresh xylene until they were used for LCM.

In the PixCell II LCM system (Arcturus Bioscience), air-dried samples were

placed on the microscope and brought into focus. CapSure caps (Arcturus)

were then placed over the cross section. After focusing the laser, a circle of

pericycle cells was captured using the following parameters: laser spot size of

7.5 mm, laser power of 60 mW, and laser pulse duration of 550 to 650 ms. Each

circle of pericycle cells contained approximately 200 cells.

RNA Extraction and Amplification

RNA of approximately 13,000 captured and pooled pericycle cells was

extracted using the Absolutely RNA Microprep kit (Stratagene) and treated

with 30 units of RNase-free DNase I (Stratagene). Extracted RNA was

amplified according to the protocol of Nakazono et al. (2003), first synthesiz-

ing double-stranded cDNA of the mRNA followed by RNA synthesis via

in vitro transcription with T7-polymerase. The amplification procedure was
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repeated twice to increase the amplified RNA yield. The efficiency of

amplification was quantified using the RiboGreen RNA-quantitation reagent

(Molecular Probes) by measuring RNA yield after the first and second rounds

of amplification.

Microarray Hybridization, Scanning, and
Spot Quantification

Microarray probe synthesis and hybridization of four spotted 12k maize

cDNA microarray slides (Generation II, Version A) from the Iowa State

MicroArray Facility (http://www.plantgenomics.iastate.edu/maizechip/)

were conducted as described by Nakazono et al. (2003). Three independent

biological replications from each genotype were profiled on the four arrays.

Samples from differing cell types were paired on each array. Dyes were

assigned to samples in such a way that each genotype was measured an equal

number of times with both dyes.

Dried slides were scanned three times at different scan settings with

a ScanArray 5000-scanner (Packard) for each channel (Cy3 and Cy5) with laser

power and PMT gain settings adjusted so that the signal intensity for both

channels was equal for one slide. ImaGene software (Biodiscovery) was used

to quantify the spot intensities on the slides. Spots were removed from the

data set before analysis if they did not represent a single-band PCR product or

if they were empty spots.

Data Normalization

The lowess normalization method originally described by Dudoit et al.

(2002) was applied to the log of background-corrected raw signal intensities to

remove signal-intensity-dependent dye effects from each sector on each slide.

Following lowess normalization, the normalized data for each slide/dye

combination were median centered so that expression measures would be

comparable across slides. Median centering simply involves subtracting the

median value for a particular slide/dye combination from each individual

value associated with the particular slide/dye combination. Thus, negative

(positive) values indicated that a particular transcript was expressed below

(above) the median for a particular slide/dye combination.

Data Analysis

For each of 10,767 sequences, a mixed linear model analysis of the

normalized log-scale signal intensities was conducted to identify transcripts

whose expression differed significantly between rum1 and wild-type pericycle

cells. The mixed linear model included genotype and dye terms as fixed

effects as well as slide terms, sample terms, and a general error term as

random effects. A t test for genotype differences was conducted as part of

a mixed linear model analysis for each gene (Wolfinger et al., 2001) yielding

10,767 P-values. As described by Allison et al. (2002), a mixture of uniform and

a b distribution was fit to the observed distribution of the 10,767 P-values

obtained from the mixed linear model analysis. The estimated parameters

from the fit of the mixture model were used to estimate the posterior

probability of differential expression for each gene and to estimate the

proportion of false positive results among all genes with P-values #0.01

and estimated fold change . 2.

Sequence data from this article can be found in the GenBank/EMBL data

libraries. Accession numbers are given in the supplemental tables.
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