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Lateral roots play an important role in water and nutrient uptake largely by increasing the root surface area. In an effort to
characterize lateral root development in maize (Zea mays), we have isolated from Mutator (Mu) transposon stocks and
characterized two nonallelic monogenic recessive mutants: slr1 and slr2 (short lateral roots1 and 2), which display short lateral
roots as a result of impaired root cell elongation. The defects in both mutants act specifically during early postembryonic root
development, affecting only the lateral roots emerging from the embryonic primary and seminal roots but not from the
postembryonic nodal roots. These mutations have no major influence on the aboveground performance of the affected
plants. The double mutant slr1; slr2 displays a strikingly different phenotype than the single mutants. The defect in slr1; slr2
does not only influence lateral root specific cell elongation, but also leads to disarranged cellular patterns in the primary and
seminal roots. However, the phase-specific nature of the single mutants is retained in the double mutant, indicating that the
two loci cooperate in the wild type to maintain the lateral root specificity during a short time of early root development.

The root system of maize (Zea mays) consists of
embryonic and postembryonic roots, which can be
distinguished spatially and temporally during devel-
opment. The embryonic root system of maize
emerges a few days after germination and consists of
the primary root and a variable number of seminal
roots formed at the scutellar node. Postembryonic
roots include shoot-borne crown roots that form from
consecutive underground nodes, brace roots that
emerge late in development from aboveground
nodes of the shoot, and lateral roots that develop on
all root types (Feix et al., 2000). Crown and brace
roots represent the major backbone of the complex
root system in mature maize. They contribute to root
lodging resistance and together with their lateral
roots are responsible for most of the water uptake
(McCully and Canny, 1988). Lateral roots are highly
branched, thus increasing enormously the absorbing
surface of the root system. A common feature of
all maize root types is the longitudinal zoning in
the growing parts including the root cap, the apical
meristem, the elongation zone, and the differentia-
tion or maturation zone (Ishikawa and Evans, 1995).
In maize, the primordia of lateral roots are formed in
the differentiation zone of preexisting roots by ded-
ifferentiation of non-meristematic pericycle cells

(Esau, 1965) and sometimes endodermal cells (Bell
and McCully, 1970). Dedifferentiation of pericycle
cells is also observed in lateral roots leading to sec-
ondary and higher order structures of lateral roots.
Accurately predicting which pericycle cells will un-
dergo dedifferentiation and form lateral root primor-
dia is difficult because frequency and position of
lateral root initiation depends on various environ-
mental conditions (Charlton, 1996).

A detailed analysis of Arabidopsis lateral root de-
velopment revealed that after the initiation of a lat-
eral root primordium and the formation of the lateral
root meristem (Laskowski et al., 1995), a sequence of
events (Malamy and Benfey, 1997) including emer-
gence, elongation, and root hair formation leads to
mature lateral roots.

As lateral roots elongate, some epidermal cells
called trichoblasts develop further into root hairs.
Root hairs are always found in the proximal elonga-
tion zone and maturation region (Schiefelbein and
Benfey, 1991); therefore, a certain degree of cell elon-
gation seems to be the prerequisite for root hair
development.

Genetic analysis has led to the isolation of a con-
siderable number of Arabidopsis mutants displaying
an aberrant root phenotype (summarized in Scheres
and Wolkenfelt, 1998) including various lateral root
system mutants. Three types of lateral root mutants
have been identified in Arabidopsis: first, mutants
with excessive lateral root formation, like the allelic
mutants rty (King et al., 1995), sur1 (Boerjan et al.,
1995), and alf1 (Celenza et al., 1995); second, mutants
affected in lateral root initiation like alf3 (Celenza et
al., 1995); and third, mutants initially forming normal
lateral root primordia which later abandon cell divi-
sion or elongation as seen in alf4 (Celenza et al., 1995)
or the rml mutants (Cheng et al., 1995).
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Based on the analysis of the alf mutants, Celenza et
al. (1995) postulated a model for lateral root forma-
tion in Arabidospsis. In this model, the first step is
lateral root initiation by auxin: Pericycle cells are
induced to undergo mitosis and form lateral root
primordia. Auxin is presumed to be transported from
other parts of the plant to induce pericycle cells to
form a primordium (Charlton, 1996). The ALF1 gene
product is believed to modulate the level of free,
active auxin and therefore the number of lateral
roots. ALF4 is directly involved in lateral root initia-
tion by sensing or responding to indole-3-acetic acid
(IAA), implied by the IAA resistant phenotype of the
alf4 mutant. In a second step the primordia require
the ALF3 gene product, which locally elevates the
level of IAA necessary for cell division and subse-
quent maintenance of the lateral root meristem lead-
ing to lateral root elongation.

In maize, only a few mutants with relevance to root
formation have been isolated. The mutant rtcs is com-
pletely devoid of all shoot-borne roots including
seminal, crown, and brace roots. The mutation acts
before the initiation of these root types (Hetz et al.,
1996). The recessive mutant rt1 forms few or no
crown and brace roots, whereas the primary root and
the seminal roots are not affected (Jenkins, 1930). The
dominant mutant Asr1 is defective in the formation
of seminal roots, whereas other root types are not
affected (De Miranda, 1980). In the recessive mutant
des21, seminal roots and root hairs are missing and
the shoot phenotype is also altered (Gavazzi et al.,
1993). The recessive mutants rth1-3 are affected in
root hair elongation (Wen and Schnable, 1994) and
the mutant agt1 displays an altered gravitropic re-
sponse (Doyle, 1978).

So far, only one maize mutant has been isolated
that is specifically affected in lateral root formation
(Hochholdinger and Feix, 1998). The mutant lrt1 (lat-
eral rootless1) is completely deficient in primordia
formation of lateral roots at the primary, seminal,
and crown roots forming at the coleoptilar node, thus
affecting all early postembryonic roots. The lateral
root formation on crown roots from the second node
upwards is completely normal, indicating the pres-
ence of at least two root-type or phase-specific path-
ways of lateral root initiation in maize.

In this paper, we report the isolation of two new
lateral root mutants of maize affected in lateral root
elongation. Slr1 and slr2 were obtained from segre-
gating transposon-tagged F2 families induced by the
Mutator (Mu) transposon system. It is interesting that
the defect of lateral root elongation is restricted to the
lateral roots emerging from embryonic roots. The
double mutant slr1; slr2 indicates synergistic effects
of these two loci affecting not only the formation of
lateral roots but also the development of all early root
types, including embryonic primary and seminal
roots and postembryonic crown roots from the co-
leoptilar node. The transient nature of the phenotype

conditioned by single and double mutants suggests
that the slr1 and slr2 genes are involved in root-
specific development only in a limited developmen-
tal phase.

RESULTS

Isolation and Phenotypic Characterization of Maize
Mutants Displaying Short Lateral Roots

Screening of about 2,000 segregating F2 families of
Mu-tagged maize lines at the seedling level for aber-
rant root phenotypes led to the isolation of two fam-
ilies with seedlings exhibiting short lateral roots (Fig.
1, A and C). The two nonallelic mutants, classified as
monogenic recessive by their 3:1 segregation ratio
(Tables I and IIslr1 and slr2 (short lateral roots1 and 2),
both showed the same aberrant root phenotype.
Close-up inspection of the two mutants revealed that
the very short lateral roots occurring at the emerging
primary and seminal roots curved in many cases to
random directions (Fig. 1B). The number of lateral
roots was unchanged in the mutants (Table III). Both
slr1 and slr2 displayed normal primary, seminal, and
crown roots (Fig. 1, A and C). The rootstock of ma-
ture mutant plants looked very similar to the highly
branched root system of WT plants (Fig. 1D).

The mutations slr1 and slr2 always followed statis-
tically the Mendelian 3:1 segregation when heterozy-
gous plants were selfed (Table I). However, the seg-
regation ratio of slr1 showing short lateral roots
increased to 8:1 after the outcrosses in the inbred
lines A632 and B73, and statistically deviated from
the Mendelian rule. Later outcrosses of slr2 were
therefore performed with the local South German
inbred line SWS2000 in which selfed heterozygous
plants segregated according to the expected 3:1 Men-
delian ratio.

Although slr1 and slr2 plants were slightly smaller
than WT plants 1 month after germination (Fig. 1E),
no difference in plant size was observed in mature
plants (Fig. 1F). The development of slr1 and slr2
plants was comparable to WT plants regarding time
of flowering and number of leaves. Slr1 plants were
frequently male sterile (Table III). Application of
auxin, auxin action inhibitor 4-chlorophenoxyiso-
butyric acid, ethylene, ethylene action inhibitor sil-
verthiosulfate, and ethylene biosynthesis inhibitor
aminoethoxyvinyl-Gly to germinating slr1 and slr2
had no effect on the length of the lateral roots. Hor-
mone treatments were performed according to stan-
dard procedures described earlier (Hetz et al., 1996;
Hochholdinger and Feix, 1998).

A difference in the shoot system between slr1 and
slr2 was the transient pale-green color on the first two
or three leaves of slr1 (Fig. 1A; Table III) caused by a
closely linked gene.
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Cell Elongation of Lateral Roots Is Affected to the
Same Extent in slr1 and slr2

After showing through microscopic analyses that
lateral root primordia formed and penetrated the

cortex of the primary root in slr1 and slr2 as observed
in WT seedlings, the elongation of lateral roots was
studied. Scanning of the lateral roots with a confocal
laser scanning microscope revealed striking differ-

Figure 1. Phenotypic properties of slr1 and slr2. A, Phenotypes of 7-d-old wild-type (WT), slr1, and slr2 seedlings (from left
to right; same order in B, C, E, and F). B, Close view of lateral roots on the primary root. C, Root system of 12-d-old seedlings.
D, Root system of WT (left) and slr2 (right) after 90 d. E, Aboveground phenotypes after 32 d. The pale-green color of slr1
was not completely restored yet in these hydroponically grown plants. F, Aboveground phenotypes after 90 d. Bars indicate
2 cm (A), 1 mm (B), or 1 cm (C).
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ences in cell length between WT and the two mu-
tants. Typical examples for these observations are
shown in Figure 2. Well-elongated cells (106.6 6 0.1
mm; mean 6 se, and n 5 68 from 12 roots) were
observed in WT (Fig. 2A), whereas cells in slr1
(46.9 6 1.7 mm; n 5 74 from 13 roots) and slr2 (50.2 6
2.1; n 5 50 from 7 roots) were much shorter (Fig. 2, B
and C). However, the organization of the lateral root
tips was unchanged in the mutants compared with
WT (data not shown). Root hairs were rarely ob-
served on mutant lateral roots (Table III), whereas
they were always observed on the WT lateral roots
(Fig. 2A, arrows; root hairs marked with asterisks in
Fig. 2B were from the primary root, not from lateral
roots). Root hairs on primary roots were well devel-
oped both in WT and in the two mutants. Applying
ethylene precursor (10 mm 1-aminocyclopropane-1-
carboxylic acid) did not increase the number of root
hairs on the lateral roots of either WT or slr1 under
our growth condition.

The Defects of slr1 and slr2 Act Transiently and
Affect Only the Lateral Root Development from
Embryonic Roots

Analysis of the formation of short lateral roots at
different developmental phases of all root types re-
vealed a high specificity regarding root type and
developmental stage. To observe the postembryonic
crown roots, plants were grown under hydroponic

conditions that allow an in vivo observation of their
fragile and complex root structures during develop-
ment. Although plants grown in a hydroponic cul-
ture system displayed a slightly different appearance
in their root system compared with soil-grown
plants, this did not disturb the analysis of short lat-
eral roots. The observed short lateral roots became
visible on the primary root as in the WT about 7 d
after germination. Short lateral roots formed only for
about the first 2 weeks at the growing primary root
(see upper part of slr2 primary root in Fig. 3C). In the
case of slr1, normal growth resumed earlier (Fig. 3A).
At later stages of development, continuous lateral
root growth was seen on the elongating primary root
(see lower parts of slr1 and slr2 primary root in Fig.
3, C and A, respectively). However, these lateral
roots do not reach the length of the lateral roots on
the WT primary root. The same transient deficiency
of lateral root elongation was observed at the lateral-
seminal roots of slr1 and slr2 (data not shown).

Crown root development of WT, slr1, and slr2
plants was observed at several stages of plant devel-
opment until maturity (Fig. 1A, 7 d after germination;
Fig. 1C, 12 d after germination; Fig. 3, 25 and 27 d
after germination; and Fig. 1D, 90 d after germina-
tion). A visual difference in the crown root perfor-
mance was observed between WT and mutants at
none of these stages. None of the crown roots ana-
lyzed in any of the single mutants at the various
stages of development showed significantly shorter

Table I. Genetic analysis of slr1 and slr2

Genetic Treatment WT Mutant
Observed

Segregation
Expected

Segregation
x2

Segregation of slr1
Initial F2 population 12 3 4.0:1 3:1 0.20
Selfed heterozygous WT (7)a 90 22 4.1:1 3:1 1.72
Selfed homozygous WT (8) 121 0 – – –

Outcross of slr1 (A632 3 slr1)
F2 from the cross (3) 108 13 8.3:1b 3:1 32.28

Outcross of slr1 (B73 3 slr1)
F2 from the cross (6) 156 19 8.2:1b 3:1 18.67

Segregation of slr2
Initial F2 population 8 7 1.1:1 3:1 3.76
Selfed heterozygous WT (7) 196 74 2.6:1 3:1 0.84
Selfed homozygous WT (7) 166 0 – – –
Selfed mutant (5) 2 117 – – –

Outcross of slr2 (slr2 3 SWS2000)
F2 from the cross (13) 586 183 3.2:1 3:1 0.60

a No. of analyzed plants in parentheses. b These segregation ratios might be indicative for 15:1
as a result of statistic analysis in A632 (x2 5 4.0941, p 5 0.01) and B73 (x2 5 6.4192, p 5 0.01) genetic
backgrounds.

Table II. Genetic analysis of slr1 and slr2

Segregation of slr1; slr2 Double Mutant WT slr1 slr2 slr1; slr2
Expected

Segregation
x2

F2 from the cross of slr2 3 slr1 (7)a 208 39 40 12 9:3:3:1 21.60
a No. of analyzed plants in parentheses.
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lateral roots as had been observed in the embryonic
root system.

Lateral Root Specificity of slr1 and slr2 Is
Released in the Double Mutant slr1; slr2

To study possible interaction between the two loci
affected in slr1 and slr2, double mutants were iso-
lated from segregating F2 families of crosses between
slr1 and slr2 (Table II). Isolated double mutants were
not uniform in appearance at early seedling stages
and showed a varying degree of disturbances of the
complete early root system (Fig. 4A). This is different
from the highly specific defects of the single mutants
slr1 and slr2 leading only to an abnormal elongation
of lateral roots on primary and seminal roots.

Despite their variability in phenotypic appearance,
all double mutants showed a decreased length of
primary, seminal, and early crown roots and a reduc-
tion in the overall size of the seedlings (Fig. 4A; Table
IV). The diameter of the primary and early crown
roots and of the first internode was found to be
slightly increased in the double mutant (Table IV;
Fig. 4, C and F).

Furthermore, the lateral roots did not elongate any
more from the primary root of the double mutant and

only formed bulges at their sites of growth (Fig. 4B).
These bulges extended up to 2 mm to the tip of the
primary root (Fig. 4E), a region that is normally free
of lateral roots.

The defects of the early root system of the double
mutant were not restored later in development, even
when crown roots were developing without defects
in their length and capacity to form lateral roots (Fig.
4D). Therefore, the growth rate of the double mutant
seedlings (Fig. 4G) was restored in time by the for-
mation of crown roots without differences in size and
flowering time between the double mutant and WT
after maturation (Fig. 4H).

Longitudinal sections of the primary root of double
mutants revealed a disorganized cellular pattern
showing cell files with very small rectangular cells
beside cell files with very long cells as well as cell
files with a mixture of these cell types (Fig. 5B). WT
and the single mutants slr1 and slr2 showed well-
elongated, regularly arranged cells in this region
(Fig. 5A). Cross sections of primary roots of the dou-
ble mutant showed radially expanded cortical cells,
but normal cellular organization (Fig. 5D). Similar
characteristics of an unchanged radial pattern (Fig.
5F) with about a 30% increase in diameter (Table IV)
caused by the expansion of cortical cells were also

Table III. Characteristic properties of slr1 and slr2
Values are mean 6 SD.

Observed Phenotypes WT slr1 slr2

Lateral root
Length (mm)a 8.7 6 4.6 (n 5 75) 1.8 6 0.8 (n 5 75) 1.9 6 1.1 (n 5 35)
Frequency (cm21)a 11.0 6 1.8 (n 5 24) 11.6 6 1.4 (n 5 17) 9.6 6 1.6 (n 5 9)
Root hair formation Normal Fewb Fewb

Color of first three leaves Green Pale greenc Green
Pollen formation Normal Reduced Normal

a Measured 2 to 3 cm below the kernel in 12-d-old plants. b Only exceptionally elongated lateral
roots have root hairs on the basal parts. c Caused by a closely linked locus.

Figure 2. Confocal laser scanning analysis of lateral roots in WT, slr1, and slr2. Propidium iodide-stained lateral roots from
the middle part of the primary root of 8-d-old maize seedlings were analyzed and cortical cells from the basal part of the
lateral roots were focused. Optical sections inside the lateral roots were scrutinized at various levels, and images obtained
from the basal part showing striking differences are presented in WT (A), slr1 (B), and slr2 (C). Bar indicates 200 mm. Arrows
and asterisks indicate root hairs on lateral root and primary root, respectively.

Two Maize Mutants Affected in Lateral Root Elongation
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observed in the coleoptilar node (Fig. 5F). Epidermal
cells remained unchanged even in the radially ex-
panded organs (Fig. 5, C–F). The early crown roots
from the coleoptilar node were shorter and thicker
(Fig. 4F) than those of WT seedlings (Fig. 4C), and
their longitudinal sections displayed the same disor-
ganized patterns (Fig. 5H) as observed in the primary
root (Fig. 5B).

Observation of embryos revealed no difference be-
tween the regular patterns of WT and double mutant
root structures, including the primary root and the
lateral-seminal root primordia at the scutellar node.
Therefore, the defective cellular patterns of the af-
fected roots in the double mutant were caused by
irregular cell proliferation of the initial cells of the
roots after germination.

DISCUSSION

This paper describes the isolation and characteriza-
tion of the two nonallelic monogenic recessive mu-
tants, slr1 and slr2, specifically affected in lateral root
elongation. This defect leads to a reduced length of

the lateral roots at the embryonic primary and sem-
inal roots. Histological analysis of the affected lateral
roots revealed that cortical cell elongation is im-
paired in slr1 and slr2. They are the first examples of
mutants from monocotyledonous plants specifically
affected in lateral root elongation. Both mutants dis-
play their defects during early postembryonic root
development, indicating the possible involvement of
signals with specificity for this particular develop-
mental window. However, treatment with auxin, eth-
ylene, and their inhibitors did not restore the mutant
phenotypes.

The lateral root formation at the postembryonic
crown and brace roots is not affected in the mutants
allowing a normal development of these plants with-
out differences in their aboveground size compared
with their WT siblings. This is in contrast with the
maize lateral root initiation mutant lrt1 that shows a
drastically reduced aboveground phenotype (Hoch-
holdinger and Feix, 1998). The difference could be
explained by the fact that slr1 and slr2 are not so
severely impaired in lateral root formation as lrt1.
Lateral roots at the embryonic roots and the crown
roots from the coleoptilar node are completely miss-
ing in lrt1, whereas only their elongation is affected
in slr1 and slr2.

A common feature of all three mutants is the pre-
dominant or exclusive impairment of lateral root for-
mation from embryonic, but not from postembry-
onic, roots. Therefore, different mechanisms for
tissue specificity regarding lateral root formation
might operate in embryonic and postembryonic
roots. Such differences in embryonic and postembry-
onic lateral root formation may be unique to mono-
cotyledonous plants because dicots like Arabidopsis
normally do not form a postembryonic shoot-borne
root system (Malamy and Benfey, 1997) if not in-
duced by external stimuli. The maize root mutant rtcs
has another tissue specificity to all the embryonic and
postembryonic nodal tissues (Hetz et al., 1996).

The analyzed slr1 seedlings often exhibited a pale-
green leaf color as a result of the action of another
gene tightly linked to slr1 that is indicated by segre-
gation data of the double mutant (data not shown).
The deviation of the segregation ratios of the slr1
phenotype from the Mendelian rule after outcrossing
in two different inbred lines (Table I) may be caused
by one of the following factors: phenotypic variabil-
ity of lateral roots in these backgrounds, Mu suppre-
sion, an unstable Mu insertion, or the presence of a
modifier of this gene in these genetic backgrounds.
The latter hypothesis is supported by the fact that for
both inbred lines a 15:1 segregation ratio is statisti-
cally supported for P 5 0.01. The non-Mendelian
segregation of the double mutant slr1; slr2 could also
be explained by one of the factors that causes the
deviation of the slr1 segregation from the 3:1 ratio. A
further deviation from Mendelian inheritance was
observed in the selfed homozygous slr2 population

Figure 3. Impairment of lateral root elongation in the mutants is
transient and specific to the embryonic roots. A, Lateral roots formed
at the primary root of WT (left) and slr1 (right) after 25 d. B, Lateral
roots formed at the crown root of WT (left) and slr1 (right) after 25 d.
C, Lateral roots formed at the primary root of WT (left) and slr2 (right)
after 27 d. D, Lateral roots formed at the crown root of WT (left) and
slr2 (right) after 27 d. Plants were grown in paper rolls for 12 d and
then incubated further in a hydroponic culture system. Bars indicate
2 cm.

Hochholdinger et al.
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producing two WT plants that may again indicate the
rare occurrence of reversions in the Mu-tagged pop-
ulations, or pollen contamination.

In slr1 and slr2, the reduced lateral root elongation
is unlikely to be the result of a nutrient deficiency
because the mutations were not rescued under hy-

Figure 4. Phenotypic properties of the double-mutant slr1; slr2. A, Examples of 7-d-old double mutants. B and E, Close
inspection of the primary root of a 12-d-old double mutant. D, The root system of a 25-d-old double mutant still displaying
the defects in the early root system, but having late-developing crown roots with normal lateral roots. Coleoptilar node of
WT (C) and double mutant (F), respectively. G, Aboveground phenotype of WT (left) and double mutant (right) after 32 d.
H. Mature plants of WT (left) and double mutant (right) after 90 d. Arrows in C and F indicate the position of cross section
for Figure 5, E and F. Bars represent 1 cm (A) or 1 mm (B–F).

Two Maize Mutants Affected in Lateral Root Elongation
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droponic conditions with an optimized maize nutri-
ent solution (Marschner, 1995). However, this does
not exclude the possibility that a regulator of re-
sponse to nutrients in lateral roots like the Arabidop-
sis gene ANR1 is affected (Zhang and Forde, 1998).
The MADS box gene ANR1, which is supposed to be
a transcription factor controlling a group of genes, is
nitrate inducible and specifically affects lateral but
not primary root elongation.

No mutants with comparable defects like slr1 and
slr2 are described so far in Arabidopsis, despite the
availability of a large collection of root-specific mu-
tants (Scheres and Wolkenfelt, 1998). The mutants
alf3 (Celenza et al., 1995), rml1, and rml2 (Cheng et al.,
1995) also show shorter lateral roots similar to slr1
and slr2 a few days after germination. However, the
reduced lateral root length in alf3, rml1, and rml2 is
caused by different mechanisms as compared with
the mutants slr1 and slr2. Lateral root meristems are
active in slr1 and slr2. However, they are proliferat-
ing new cells that are reduced in their final elonga-
tion capacity leading to shortened lateral roots. In
contrast, rml1 and rml2 abandon lateral root growth
by terminal differentiation of apical cells in the lateral
roots (Cheng et al., 1995) and alf3 stops lateral root
growth by death of these apical cells (Celenza et al.,
1995). The cortical cells in the lateral roots of slr1 and
slr2 always retain the rectangular shape that is typi-
cal for cells near the meristem and never gain the
elongated form of WT cortical cells in the distal elon-
gation zone (Ishikawa and Evans, 1995).

Work with the Arabidopsis mutants scr and shr has
shown many morphological and developmental sim-
ilarities between primary and lateral root formation
(Scheres et al., 1995; Di Laurenzio et al., 1996), sug-
gesting a common regulatory mechanism in both
root types. The analysis of the mutants slr1 and slr2
indicates the existence of additional independent
pathways for the formation of primary and lateral
roots or different sensitivities toward signals control-
ling their formation. This difference is not surprising
considering the origin of the primary root from mer-
istematic embryonic tissue and that of lateral roots
from already differentiated pericycle cells (Las-
kowski et al., 1995).

In contrast to the single mutants slr1 and slr2 with
their highly specific effects on lateral root elongation
derived from embryonic roots, the double mutant
slr1; slr2 affects the complete early root system, lead-
ing to a longitudinal cellular disorganization of pri-
mary, seminal, and crown roots. Lateral root forma-
tion of the affected embryonic roots is reduced to the
production of rudimentary, undifferentiated primor-
dial structures that do not penetrate the cortex cell
layers of the affected roots. These bulges appear al-
ready about 2 mm from the root tip, implying a
disturbance of the regular longitudinal root zoning in
slr1; slr2. Lateral roots normally are formed in the
maturation or differentiation zone located 3 to 4 cm
from the root tip when the root has reached its final
differentiation status (Esau, 1965).

The idea of longitudinal alteration is supported by
the histological analysis of slr1; slr2, characteristically
with shorter and thicker primary, lateral-seminal,
and crown roots from the coleoptilar node. Micros-
copy of the affected roots revealed a disturbed lon-
gitudinal pattern consisting of cell files with very
small rectangular cells beside cell files with very long
cells as well as cell files with a mixture of longitudi-
nal and rectangular cells. The coleoptilar node of slr1;
slr2 showed an increased diameter caused by en-
larged cortical cells. However, the radial pattern was
not changed by the double mutation.

These disturbances occur only in the embryonic
and early postembryonic roots. Crown root forma-
tion from higher nodes and their lateral root forma-
tion is completely normal in the double mutant. It is
interesting that the severe root phenotype in the dou-
ble mutant slr1; slr2 does not lead to a reduced
aboveground size of these plants at later develop-
mental stages, whereas the mutant lrt1 displaying
similar severe root defects showed a reduced
aboveground size (Hochholdinger and Feix, 1998).
The mechanism by which the double mutant slr1; slr2
compensates for these dramatic deficiencies in the
early root system later in development remains
unknown.

The double mutant slr1; slr2 reveals the particular
situation of two loci which, if mutated, lead to a
phenotype that is very different from those of the

Table IV. Phenotypes of 12-d-old slr1; slr2 double mutant
Values are mean 6 SD.

Observed Phenotypes WT (n 5 24) slr1 (n 5 9) slr2 (n 5 9)
slr1; slr2
(n 5 11)

Primary root
Length (cm) 12.8 6 1.5 12.2 6 1.1 11.8 6 2.2 6.7 6 3.8
Diameter (mm) 1.2 6 0.1 1.2 6 0.1 1.2 6 0.1 1.5 6 0.2

First internode
Length (cm) 4.5 6 0.6 3.8 6 0.5 4.1 6 0.2 2.8 6 0.8
Diameter (mm) 2.3 6 0.2 2.2 6 0.2 2.2 6 0.2 3.3 6 0.7

Leaves
Nos. 3 3 3 2
First (length [cm]) 5.2 6 0.7 4.7 6 0.7 4.6 6 0.3 2.9 6 1.0
Second (length [cm]) 11.7 6 1.8 9.3 6 2.1 9.6 6 1.6 4.8 6 2.3
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single mutants. In contrast to slr1 and slr2, which are
specifically affected in lateral root formation at the
embryonic roots, the double mutant shows a much
more severe phenotype as described above. This in-
dicates the synergistic cooperation of these two genes

in programming lateral root specificity during early
root development.

This could be accommodated by the cooperative
influence of both affected genes on the action or on
the perception of a signal. Lateral roots at embryonic
roots may be more sensitive to the signal than those
at postembryonic roots. The fact that the double mu-
tant also affects crown root formation at the coleop-
tilar node, which is not affected in the single mutants,
is an indication of the cooperative influence of both
genes on the special developmental control of crown
roots forming at the coleoptilar node.

The phenotype of slr1; slr2 supports the previously
suggested definition of the early postembryonic
phase as a developmental phase in maize (Hoch-
holdinger and Feix, 1998). All embryonic as well as
all early postembryonic roots are affected by the
combined defects in the genes slr1 and slr2, whereas
root development starting with crown root formation
from the second node onward is completely normal
in the double mutant. This suggests the beginning of
a different developmental stage.

The restriction of the defects of slr1 and slr2 on the
early postembryonic phase is also supported by the
double mutant. Although the embryonic primary
and seminal roots are impaired in the double mutant,
the defect becomes apparent only postembryonically,
when the different initial cells in the root tip region
start proliferating new root cells.

The major impact of the cooperative action of the
genes slr1 and slr2 appears in their influence on
tissue specificity regarding lateral root formation as
shown above. The cooperative action of the two
genes in the developmental phasing is unlikely, be-
cause the timing of the developmental phase is the
same in the single mutants and in their double
mutant.

However, despite drastic differences in root perfor-
mance between the single and double mutants, cau-
tion must be exercised concerning the interpretation
of these phenotypes at the current stage of analysis.
At the moment, only one allele of each mutant is
available and the genetic status of these mutants (i.e.
whether they are null alleles) is not yet known. At
this stage of the analysis, however, the newly isolated
mutants slr1 and slr2 will be valuable for the further
study of lateral root formation in maize and may help
to further understand the mechanisms involved in
the complex root formation of monocotyledonous
plants.

MATERIALS AND METHODS

Plant Material

The Mu-tagged F2 seeds of maize (Zea mays) for the
initial mutant screening and the inbred line SWS2000 were
provided by Dr. Michael Schwall (Südwestdeutsche Saat-
zucht, Rastatt, Germany).

Figure 5. Confocal laser scanning analysis of various organs in a 12-
d-old double mutant. Longitudinal sections of a WT (A) and a double
mutant (B) primary root. Cross sections of a WT (C) and a double mutant
(D) primary root. Cross sections of a WT (E) and a double mutant (F)
coleoptilar node. Longitudinal section of a young crown root from
the coleoptilar node of a WT (G) and a double mutant (H). The
positions of cross sections of the coleoptilar node were marked by
arrows in Figure 4, C and F. Bars indicate 100 mm (C–F) or 200 mm
(A, B, G, and H).
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Genetic Analysis and Growth Conditions

Selfings, outcrosses, and crosses for allelism tests and
double-mutant isolation were performed in a phytocham-
ber under a 12-h-light (28°C)/12-h-dark (18°C) cycle at 70%
relative humidity. Propagation of heterozygous WT plants
was performed on a local field in the summer of 1998.

For better observation of the young root system of
maize, caryopses were grown in paper rolls as described
earlier (Hetz et al., 1996). Kernels were surface sterilized
with 6% (w/v) sodium hypochlorite, washed three times
with distilled water, and arranged in a row on six sheets of
connected paper towels (approximately 1 m 3 13 cm). The
paper was rolled up and longitudinally set into a 1-L
beaker with the kernel row 3 cm from the top. The beaker
was one-half filled with distilled water. Maize plants were
transferred from paper rolls to soil for seed propagation in
the phytochamber as described above. A hydroponic cul-
ture with maize nutrient solution (Marschner, 1995) was
used for in vivo observation of old root systems to over-
come the mechanical breakdown of roots removed from
soil. Air was continuously supplied to the growth medium
by a recycling pump during the entire incubation period.

Microscopic Analysis

Stereomicroscopy was carried out with a dissecting mi-
croscope set (Wild, Heerbrugg, Germany) with intact seed-
lings, using a camera system (M4-P, Leica, Leitz, Canada).
The use of a yellow light source with this microscope gave
the roots an orange appearence.

Confocal laser scanning microscopy (see Hepler and
Gunning, 1998) was carried out with a rhodamine filter
(Leica TCS 4D) using propidium iodide as a fluorescent
dye (Oparka and Read, 1994). Intact lateral roots of maize
or free-hand cuttings of primary roots or of coleoptilar
nodes were stained with propidium iodide (5 mg mL21) in
5 mm potassium phosphate buffer or distilled water for 30
min, washed three times with 50 mL of distilled water,
mounted in 75% (v/v) glycerol, and observed. The ob-
tained images were processed by computer.
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