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Plant development requires regulation of both cell division and differentiation. The class 1 KNOTTED1-like homeobox
(KNOX) genes such as knotted1 (knl) in maize (Zea mays) and SHOOTMERISTEMLESS in Arabidopsis (Arabidopsis thaliana)
play a role in maintaining shoot apical meristem indeterminacy, and their misexpression is sufficient to induce cell division
and meristem formation. KNOX overexpression experiments have shown that these genes interact with the cytokinin, auxin,
and gibberellin pathways. The L1 layer has been shown to be necessary for the maintenance of indeterminacy in the
underlying meristem layers. This work explores the possibility that the L1 affects meristem function by disrupting hormone
transport pathways. The semidominant Extra cell layersl (Xcll) mutation in maize leads to the production of multiple
epidermal layers by overproduction of a normal gene product. Meristem size is reduced in mutant plants and more cells are
incorporated into the incipient leaf primordium. Thus, XclI may provide a link between L1 division patterns, hormonal
pathways, and meristem maintenance. We used double mutants between Xcl/1 and dominant KNOX mutants and showed that
Xcl1 suppresses the Knl phenotype but has a synergistic interaction with gnarleyl and rough sheathl, possibly correlated with
changes in gibberellin and auxin signaling. In addition, double mutants between Xcl1 and crinkly4 had defects in shoot
meristem maintenance. Thus, proper L1 development is essential for meristem function, and XCL1 may act to coordinate
hormonal effects with KNOX gene function at the shoot apex.

Cell division and differentiation are tightly linked
processes in plant development. In recent years, sev-
eral genes that are involved in controlling shoot apical
meristem (SAM) cell division and differentiation have
been identified. The class 1 KNOTTED1-like homeo-
box (KNOX) genes such as knotted1 (knl) in maize (Zea
mays) and SHOOTMERISTEMLESS (STM) in Arabi-
dopsis (Arabidopsis thaliana) are expressed throughout
the SAM and down-regulated in both incipient leaf
primordia and developing leaves (Vollbrecht et al.,
1990; Smith et al., 1992; Jackson et al., 1994), indicating
that these genes play a role in maintaining SAM
indeterminacy. Loss-of-function mutations in Arabi-
dopsis STM lead to loss of shoot meristems (Barton
and Poethig, 1993; Long et al, 1996). In addition,
overexpression of KN1 in tobacco (Nicotiana tabacum)
and another class 1 KNOX gene, KNAT1 (also known
as BREVIPEDICELLUS [BP]), in Arabidopsis lead to
the production of lobed leaves with ectopic meristems
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(Sinha et al., 1993; Chuck et al., 1996). In maize, ectopic
expression of the KNOX genes kn1, rough sheathl (rs1),
and gnarleyl (gnl) in dominant mutants causes abnor-
mal cell divisions in the leaf (Becraft and Freeling,
1994; Schneeberger et al., 1995; Foster et al., 1999).
These results indicate that misexpression of KNOX
genes leads to similar outcomes and is sufficient to
induce cell division and meristem formation.

The control of cell division and differentiation by
KNOX genes probably occurs through modulation of
hormonal pathways. KNOX overexpressing tobacco
leaves display a delay in senescence similar to that
seen in plants with increased cytokinin levels (Kusaba
et al.,, 1998). Expressing KN1 under the control of the
senescence-associated gene promoter in tobacco leads
to increased levels of cytokinin and a delay in leaf
senescence, suggesting that KN1 acts to increase cyto-
kinin levels (Ori et al., 1999). In tobacco, ectopic KNOX
gene expression directly down-regulates the gibberel-
lic acid biosynthesis gene, GA20 oxidase, through
binding of target sites in the promoter and first intron
(Sakamoto et al., 2001). Furthermore, inducible expres-
sion of maize KN1 in Arabidopsis leads to the down-
regulation of GA20 oxidase (Hay et al., 2003). KNOX
genes have also been shown to coordinately regulate
GA and cytokinin activity in Arabidopsis (Jasinski
et al., 2005; Yanai et al., 2005). The maize semaphore
mutation leads to ectopic expression of KNOX genes
and also disrupts polar auxin transport (Scanlon et al.,
2002).

KNOX genes have also been implicated in cell
differentiation pathways. For example, bp mutants
show an increase in lignin biosynthetic gene expres-
sion (Mele et al., 2003). In contrast, plants mutant for
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the rice (Oryza sativa) OSH15 gene (orthologous to BP)
show no meristem defects but have reduced hypoder-
mal sclerenchyma (Sato et al., 1999), suggesting a
difference in response between monocots and dicots.
A genetic approach may help to dissect out these
diverse influences of KNOX genes and plant hor-
mones on shoot morphogenesis.

Higher angiosperm SAMs are organized into layers,
with the L1 (or outer layer, also known as the tunica)
dividing predominantly in the anticlinal plane and
giving rise to the epidermis, and the internal layer(s),
the L2 in maize and L2 and L3 in Arabidopsis, making
up the body (or corpus) of the meristem. Mosaic
analysis experiments showed that in Knl mutants,
ectopic expression of KN1 in the inner layers of the leaf
was sufficient to induce periclinal divisions in the L1,
leading to knot formation (Hake and Freeling, 1986;
Sinha and Hake, 1990). The KN1 protein has been
shown to move between the L2 and L1 in meristems
(Lucas et al., 1995; Kim et al., 2002, 2003); however, the
functional significance of this intercellular transport
in meristem maintenance has yet to be determined.
Since knots form over major lateral veins, it has been
suggested that auxin signaling may play a role in
conditioning the kn phenotype (Gelinas et al., 1969). In
a recent study on the relationship between polar auxin
transport and leaf initiation, auxin was proposed to
move from leaf primordia to the apical dome through
the L1 layer (Benkova et al., 2003; Reinhardt et al.,
2003b). The role of the L1 in meristem activity is just
beginning to be understood. Microsurgical removal of
the L1 in tomato (Lycopersicon esculentum) apices leads
to a cessation of leaf initiation and an eventual differ-
entiation of cells in the underlying central zone of the
meristem (Reinhardt et al., 2003a). Once the L1 of the
meristem is removed, it never grows back. Thus,
underlying cell layers cannot be respecified as L1 cells.
This suggests a strict lineage-based maintenance of
the L1 and also indicates that the L1 is necessary for the
maintenance of indeterminacy in the underlying mer-
istem layers. Additional evidence for an L1 role in meri-
stem function comes from a study in which a double
mutant combination of two Arabidopsis L1-specific
glabra 2-like homeobox genes, protodermal factor 2 and
Arabidopsis thaliana meristem layer 1, leads to the forma-
tion of a disorganized shoot apex during embryogen-
esis and problems in leaf initiation and development.
Leaves that are initiated by the double mutants do not
have an epidermis, indicating that these two genes are
necessary for epidermal identity (Abe et al., 2003).
These instances of L1 involvement in meristem func-
tion have relied on ablation of the L1 by physical or
genetic mechanisms. It is possible that other, more
subtle changes involving division or differentiation
patterns in the L1 could also affect meristem function,
perhaps by disrupting hormone transport pathways.

Maize mutants defective in epidermal division and
differentiation are useful for elucidating the mecha-
nisms responsible for coordinating cell division and
differentiation. During epidermal development, pro-
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toderm cells divide predominantly in the anticlinal
plane. The Extra cell layersl (Xcll) mutation causes
protoderm cells to divide in oblique periclinal orien-
tations, which leads to the production of multiple
epidermal layers (Kessler et al., 2002). Dosage analysis
of the Xcl1 mutation showed that it is a hypermorphic
mutation leading to overproduction of a normal gene
product. Increased levels of XCL1 are thought to
prolong cell division during leaf development, such
that cells that have already perceived epidermal dif-
ferentiation signals divide in altered planes and dif-
ferentiate according to lineage instead of position.
While the most apparent Xcl/1 phenotype is the mul-
tiple epidermal layers that lead to thicker leaves, Xcl1
also affects the SAM. Xcl1 meristems are 35% shorter
than normal sibling meristems and also recruit more
cells into the incipient leaf primordia (P; Kessler et al.,
2002). This indicates that XCL1 may not only be
involved in controlling protoderm division and dif-
ferentiation patterns, but also plays an earlier role in
regulating meristem size and leaf initiation and may
provide a link between L1 division patterns, hormonal
pathways, and meristem maintenance.

In this study, we utilized double mutants between
Xcl1 and dominant KNOX mutants to gain an under-
standing of the mechanisms coordinating cell division
and differentiation and to try to tease apart the effects
of these diverse KNOX genes on downstream parts
of the pathway. Xcl1 suppresses the Knl phenotype,
possibly through modulation of gibberellin (GA)
levels. In combination with Xcl1, both Gnl and Rsl
displayed synergistic phenotypes in which leaf devel-
opment and meristem maintenance were affected in a
manner similar to that seen when seedlings are treated
with polar auxin transport inhibitors. In addition,
double mutants between Xc/1 and another epidermal
division and differentiation mutant, crinkly4 (cr4),
failed to maintain a shoot meristem. Thus, proper L1
development is essential for meristem function, and
XCL1 may play a role in coordinating hormonal effects
at the shoot apex.

RESULTS
Xcl1

Xcll is a semidominant mutation that affects both
meristems and leaves (Kessler et al., 2002). In wild-
type SAMs, Plastochron 3 (P3) and higher leaf primor-
dia completely encircle the SAM (Fig. 1A), while in
Xcl1, leaves up to P4 do not completely encircle the
SAM (Fig. 1B), indicating that Xc/1 leaves are narrow
from early in development. By P2, wild-type (Fig. 1, C
and E) and Xc/1 (Fig. 1, D and F) leaf primordia look
very similar, although the apical dome is shorter in
Xcl1 than in wild type. The most conspicuous Xcl1
phenotype is the presence of multiple epidermal
layers (Fig. 1, G compared to H) that have been shown
to arise from oblique divisions in the L1 early in leaf
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Figure 1. Wild-type (A, C, E, and G) and Xc/7 (B, D, F, and H) meristem
and leaf phenotypes. A, Wild-type meristem with P3 completely
encircling the meristem and margins overlapping. B, Xc/T meristem
with P3 margins that do not overlap. C, Dissected wild-type meristem at
the P1/P2 stage. D, Dissected Xc/7 meristem at P1/P2 showing shorter
apical dome. E, Median longitudinal section of a wild-type meristem
showing vascular traces (*) into P2 and P3. F, Median longitudinal
section of an Xc/T meristem showing vascular traces (*) extending
higher into the meristem. G, Transverse section of a wild-type leaf. H,
Transverse section of an Xc/1 leaf showing multiple epidermal layers. I,
Average number of veins at three different positions in wild-type (solid
bars) and Xcl1 (striped bars) leaves. Scale bars = 100 um.
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development (Kessler et al., 2002). In addition, Xcl1
mutant leaves have fewer intermediate veins (Fig. 1I).

Kn1;Xcl1

The reduction in meristem height seen in the Xcl1
single mutants (Kessler et al., 2002) indicates that Xcl1
may play a role in regulating the function of Knl, a
class 1 KNOX gene expressed in the SAM. To examine
this possibility, double mutants were made between
Xcll and two different dominant alleles of Knl,
Knl-N2, and Knl-O. Both of these mutations cause
ectopic expression of KN1 in leaves that leads to the
formation of large protrusions, or knots, over the major
veins. Knl-O is a spontaneous mutation that was
caused by a duplication at the KN1 locus leading to a
dominant, neomorphic phenotype (Veit et al., 1990).
Large knots protrude from the abaxial side of the leaf
at the blade-sheath junction and sheath identity is
pushed up into the blade (Fig. 2A). Ligule displace-
ment into the blade and ectopic ligules on the adaxial
side of the blade midrib are also prominent features of
Kn1-O leaves (Gelinas et al., 1969; Hake and Freeling,
1986; Sinha and Hake, 1994). These phenotypes are
most evident in adult leaves, although ligule displace-
ment can also be seen in juvenile leaves.

Xcl1;Kn1-O double mutants have a suppressed
Kn1-O phenotype. Instead of a huge mass of knotted
tissue at the blade-sheath boundary (Fig. 2A), one
large protrusion was seen in every leaf near the top of
the sheath in double mutants (Fig. 2B). However,
ectopic ligules were still seen on the adaxial blade
midrib, indicating that this aspect of the Knl-O phe-
notype was not affected by the presence of the Xcl1
mutation (Fig. 2B, arrow). The number of knots in the
sheath and at the base of the blade were determined in
Kn1-O single mutants and Kn1-O;Xcl1 double mutants
at two different positions on the plant (Fig. 2, E and F).
Both the third and sixth leaf from the tassel had
significantly fewer knots when Xcl1 was present, in-
dicating that the effect of Xcl1 on knot formation was
similar in all adult leaves.

While the Kn1-O allele primarily affects the blade/
sheath junction of adult leaves, the Knl-N2 allele
causes knots to form primarily on leaf blades (Fig.
2C). In Kn1-N2, both juvenile and adult leaf blades
have a severe knotted phenotype. Since the timing of
Kn1-N2 knot formation is different than in Knl-O,
crosses were made with Xcl1 to see if there was a
difference in knot suppression. In Kn1-N2;Xcl1 double
mutants, knot development in adult leaf blades was
also significantly inhibited (Fig. 2D). Seedling leaves
showed a similar effect in that double mutants had
only one to three knots on leaves 1 and 2, while Kn1-N2
single mutants had more than 10 knots on these leaves.
It is interesting to note that while both Kn1-N2 and
Kn1-O mutant leaves are wider than wild-type or Xcl1
leaves, double mutant Kn1;Xcl1 leaves are narrow like
Xcl1 leaves (Fig. 2, A-D). Segregation analysis on an F,
Kn1-N2;Xcl1 family showed that while most of the
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Figure 2. Xc/7 suppresses Knotted mutations. A, Kn1-O adult leaf with
knots at the blade-sheath junction. B, Kn1-O;Xcl1 double mutant with
suppressed knots at the blade-sheath junction. Ectopic ligule on the
adaxial side of leaf blade is indicated by an arrow. C, Kn1-N2 adult leaf
has knots primarily on the blade and not the sheath. D, Kn1-N2;Xcl1
adult leaf has a reduced number of knots on the blade. E, Comparison
of the number of knots in Kn1-O (blue) and Kn1-O;Xcl1(pink) leaf 3
(from the tassel), blade (solid), and sheath (striped). F, Comparison of
the number of knots on leaf 6 (from tassel).

phenotypic classes were represented in the expected
proportions, two classes deviated significantly from the
numbers expected for an additive interaction (Table I).
Fewer Knl1-N2/7;Xcl1/Xcll (strong Xcll phenotype,
very mild knots) than expected were found, and more
Kn1-N2/Kn1-N2;Xcl1/Xcll (strong Xcl1 phenotype, no
knots) individuals than expected were found. This re-
sult indicates that in some homozygous XclI seedlings,
the Kn1-N2 mutation was present, but knot formation
was completely suppressed.

The suppression of Knl leaf phenotypes when Xcl1
is present suggests that Xcll may affect the ectopic
expression of KN1 in double mutants. This hypothesis
was tested in a Kn1-N2;Xcll segregating family. Indi-
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viduals were genotyped based on the presence of an
rDotted transposable element inserted in the fourth
intron of Kn1-N2 (Sinha, 1990; N. Sinha, unpublished
data). Primers that spanned exon/exon junctions were
used to specifically amplify cDNAs to examine the
expression of KN1 in expanded leaf 1 of each of the
mutant classes (Fig. 3A) by semiquantitative reverse
transcription (RT)-PCR with GLYCERALDEHYDE-
3-PHOSPHATE DEHYDROGENASE (ZmGAPDH) as
the constitutively expressed control (Richert et al.,
1996). As expected, in wild-type and Xcl1 individuals,
we did not detect KN1 transcript in leaves, but double
mutant individuals with knots had KN1 transcript at
similar levels to that seen in Kn1-N2 leaves. In seed-
lings that were homozygous for Xcl1 and heterozy-
gous for Kn1-N2 but did not have any visible knots on
leaf 1, KN1 transcript was detected at similar levels to
that seen in individuals with knots (Fig. 3B), indicating
that Xcl1 suppression of the Knl-N2 phenotype in
leaves is not at the transcriptional level.

GA levels have been shown to be reduced in tobacco
leaves that overexpress Nicotiana tabacum homeobox 15
(NTH15; Tamaoki et al., 1997), and NTH15 was sub-
sequently shown to directly suppress the GA biosyn-
thesis gene GA20 oxidase (Sakamoto et al., 2001). In
addition, inducible expression of maize KN1 in Arabi-
dopsis led to down-regulation of GA20 oxidase (Hay
etal., 2003). GA levels have been shown to be low in the
SAM as a result of the activity of GA2 oxidase, and this
enzyme was proposed to be KNOX regulated (Jasinski
et al., 2005; Yanai et al., 2005). This data led us to hy-
pothesize that changing GA levels would also affect the
severity of the Knl phenotype. Applying GA to seed-
lings suppressed the Knl-N2 phenotype, while the
presence of the GA biosynthesis inhibitor, uniconazole,
enhanced the Kn1-N2 phenotype (Fig. 3D). The results
indicate that the suppression of Kn1-N2 by Xcl1 could
be at the level of GA biosynthesis or signaling (Jasinski
et al., 2005; Yanai et al., 2005). We identified maize
expressed sequence tags that encode a GA20 oxidase
gene and a GA2 oxidase gene. Levels of the ZmGA20
oxidase and ZmGA?2 oxidase genes were examined by

Table 1. Segregation of Kn1-N2;Xcl1 family

Inan F, Kn1-N2; XclT family, two classes (bold) deviated significantly
from the numbers expected for an additive interaction. Fewer Kn1-N2/2;
Xcl1/Xcl1 (strong Xcl1 phenotype, very mild knots) and more Kn1-N2/
kn1-N2;Xcl1/Xcl1 (strong XclT1 phenotype, no knots) individuals than
expected were found. The x* value rejects the segregation ratio/null
hypothesis. 3x* = 18.1; critical value = 16.75 (P = 0.005, 5 degrees of
freedom).

Expected  Expected  Observed 2

Genotype Ratio No. No. X
kn1/kn1;xcl1/xcl1 1/16 3.75 5 0.42
kn1/kn1;Xcl1/xcl1 2/16 7.5 12 2.7
kn1/knT;Xcl1/Xcl1 1/16 3.75 10 10.4
Kn1/2xcl1/xcl1 3/16 11.25 10 0.14
Kn1/2 Xcl1/xcl1 6/16 22.5 18 0.9
Kn1/%Xcl1/Xcl1 3/16 11.25 5 3.5

Plant Physiol. Vol. 141, 2006



knl?(Xell

Knl-N Knl-N;Xel.

B
XCLI genotype xcll/xcll Xcll/xell Xell/Xell xellixell Xell/xell Xell/Xell

KNI genotype  knl/knl  knl/knl  Knl/knl Knl/Knl Knl/knl Knl/Enl

KNOTS +++ ++ +
# PCR cycles | EIRE I B B EPE B
- - -

KNOTTEDI

ZmGAP-1/2

C XCLI genotype xcllixelfXelt/Xell  xellfxeld Xelf/Xelf Xelt/Xeld D

Epidermal Differentiation and KNOTTED1-Like Homeobox Genes

Figure 3. Kn1-N2;Xcl1 seedling pheno-
types. A, The number of knots on seedling
leaves is reduced when Xc/1 is present. B,
Semiquantitative RT-PCR of KNT expres-
sion reveals that KNT RNA is present in
double mutant leaves with suppressed
knots. Numbers in brackets indicate num-
ber of PCR cycles. Control RT-PCR for the
constitutively expressed ZmGAPDH. C,
GA20 oxidase levels are increased when
Xcl1 is present and decreased in Kn1-N2
single mutants. D, Knots per leaf on the
third leaf of Kn7-N2 heterozygote seed-
lings treated with Tween 20 (control),
Uniconazole, or GA. Differences between
Uniconazole and GA treatments were
found to be statistically significant at P =
0.01 and differences between control and
GA at P = 0.05 using ANOVA. Error bars
are ses, n = 3. E, Detection of GA2 oxidase
RNA levels with QRT-PCR in wild-type
(wt), Xcl1, Kn1-N2 (Kn1), and Xcl1/Kn1-N2
seedlings. The data represents two repli-
cate runs. RNA levels were normalized to
ZmGAPDH mRNA and are shown relative
to wild-type levels. Bars represent ses over
four technical replicates.
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RT-PCR in Kn1-N2;Xcl1 segregants to determine if Xcl1
is regulating KNOX activity by altering GA levels (Fig.
3C). While no apparent alteration was seen in the GA20
oxidase levels, quantitative RT-PCR (QRT-PCR) revealed
high induction of GA2 oxidase in the Kn1-N2 genotype,
and the presence of the Xc/1 mutation drastically reduced
the GA2 oxidase transcript levels (Fig. 3E) and decreased
the number of knots, indicating that Xc/1 may change GA
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levels during leaf development, allowing for suppression
of the Kn1-N2 phenotype in leaves.
Gnl1;Xcl1l and Rs1;Xcl1 Double Mutants

Gnl and Rs1 are dominant mutations in duplicated
KNOX genes (Becraft and Freeling, 1994; Schneeberger
et al., 1995; Foster et al., 1999). Both of these mutations
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affect cell division at the blade-sheath junction of
leaves. Since Gnl and Rsl have similar phenotypes
to Knl, we wanted to determine if Xcl1 would also
suppress these phenotypes. When an F, Gnl;Xcl1
population was examined, four phenotypic classes
were observed in a 9:3:3:1 ratio (Fig. 4A; Table II). The
largest phenotypic class was composed of seedlings
with severely reduced and agravitropic shoot and root
development. This group of seedling-lethal individ-
uals did not resemble single Xc/1 or Gnl mutants and
represented genotypes that were either homozygous
or heterozygous for both Gnl and Xcll. Rs1;Xcl1
double mutants had similar seedling phenotypes to
Gn1;Xcll seedlings (Fig. 4, A and B). The seedling-
lethal phenotypes of Gnl;Xcll and Rs1;Xcl1 double
mutants suggest that meristem maintenance may be
affected in the double mutants. Scanning electron
microscopy (SEM) was used to examine SAMs in
each of the phenotypic classes. Gnl meristems are
very similar to wild-type meristems at comparable

Gnl; Xell Rs1; Xell
Figure 4. Seedling and meristem phenotypes of Gn7;Xcl7 and RsT; Xcl1
double mutants. A, Gn1 seedlings have ligular displacement leading to
erect leaves 1 and 2 compared to wild-type and Xcl/1 seedlings.
Gn1;Xcl1 double mutants (at right) have extremely reduced leaves, are
agravitropic, and do not initiate lateral roots. B, Rs1 seedlings are similar
to Gn1. A less severe double mutantwith one leaf is shown at theright. C,
Gn1meristem atthe P3 stage is very similar to wild type (Fig. TA). D, Gn1
meristem dissected to P1/P2 stage. E, Gn1;Xcl1 apex appears much
larger than GnT and leaves do not encircle the meristem. A delayed leaf
with radial tip is also present (arrow). F, Rotated view of meristem in E
reveals a bifurcated leaf primordium. G, Dissected Gn1;Xcl1 meristem
(same as E) with aberrant phyllotaxy and leaf shape. H, Rs7;Xcl1
meristem with aberrant phyllotaxy and elongated internodes. I, Naked
Rs1;XclT meristem that has failed to initiate leaf primordia at regular
intervals. Scale bars for all sections = 200 um.
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Table Il. Segregation of Gn1;Xcl1 F, family

Four F, phenotypic classes were observed in a Gn1;Xcl1 F, popu-
lation in a 9:3:3:1 ratio. The largest phenotypic class of seedling-lethal
individuals did not resemble single Xc/7 or Gn1 mutants. The x* value
fails to reject the segregation ratio/null hypothesis. Sy = 4.2; critical
value = 7.81 (P = 0.05).

Genotype Exls):tci;ed Exp[)\izgted Ob;e(l)’f/ed ¥
gnl/gni;xcll/xcl1 1716 5.8 8 0.5
Gn1/2xcl1/xcl1 3/16 17 10 2.8
gnl/gni;Xcl1/? 3/16 17 18 0.1
Gn1/2 Xcl1/? 9/16 52 57 0.8

stages of development (Fig. 4, C and D compared to
Fig. 1, A and C). However, Gn1;Xcll meristems are
strikingly different than either Gnl or Xcll single
mutant meristems. In double mutants, the shoot apices
were 2 to 3 times larger than apices of either single mu-
tant at similar stages of development (Fig. 4, E and
F). When dissected down to P4, Gnl;Xcll meristems
are very exposed, none of the leaves completely en-
circle the meristem, and the older leaves are often
bifurcated (Fig. 4F). In addition, extremely reduced
leaves with radial tips and aberrant phyllotaxy were
sometimes observed in double mutants (Fig. 4, E and
G). Rs1;Xcll meristems were very similar in appear-
ance to the Gnl;Xcll meristems. SEMs showed that
Rs1;Xcl1 apices were extremely large and leaf primor-
dia did not encircle the meristem (Fig. 4H). In addition,
some double mutant meristems failed to initiate leaves
along one face of the meristem (Fig. 4I). The apical
dome often ended in an acute tip, and there was con-
siderable shoot expansion between successive leaf ini-
tiation events (Fig. 4, H and I). These results indicate
that the presence of both Gnl or Rs1 and Xcl1 leads to
unique problems in normal meristem maintenance
and leaf initiation.

Polyclonal antibodies against KN1 and RS1 recog-
nize multiple class 1 KNOX genes and have been
used as markers for meristem identity in maize and
other species (Smith et al., 1995; Scanlon et al., 1996;
Bharathan et al., 2002). We performed immunolocali-
zations with a polyclonal KN1 antibody to analyze
meristem identity in single and double mutants. In
normal and Xcl1 meristems, KNOX proteins were
localized to the stem and SAM and were not detected
in developing leaves (Fig. 5, A and B). In Gnl;Xcl1
double mutants, the region of small, densely cytoplas-
mic cells expressing KNOX proteins normally associ-
ated with meristematic identity was nearly absent
at the pointed shoot apex, and the internodes were
greatly expanded (Fig. 5, E and F). In contrast to Gnl
single mutants (Fig. 5, C and D), KNOX protein was
not observed in double mutant leaves (Fig. 5E), indi-
cating that Xcl1 may suppress the ectopic expression
of GN1 and other KNOX proteins in leaves. Thus, not
only does Xcl1 reduce ectopic KNOX protein expres-
sion in Xcl1;Gn1 leaves, but it also suppresses KNOX
expression in double mutant meristems, leading to a

Plant Physiol. Vol. 141, 2006
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Figure 5. Analysis of gene expression in Gn1/Xcl1 double mutants. A
to F, Immunolocalizations with anti-KN1 antibodies on seedling SAMs.
A, Wild-type meristem showing normal KNOX expression in the SAM
and unexpanded stem and down-regulation in the P, and developing
leaves. The provascular strand closest to the meristem (arrowhead) is
near P3. B, Xcl1/Xcl1 meristem showing normal KNOX expression. The
provascular strand closest to the meristem (arrowhead) is near P1. C,
Gn1 meristem with KNOX localized in the SAM and in developing
leaves. D, Higher magnification of P3 in C showing KNOX expression
(arrow). E, Gn1;Xcl1 meristem at same magnification as A to C. The
stem is greatly expanded between successive leaf primordia and the
oldest leaf pictured (asterisks) is aborted and looks more like stem. F,
Higher magnification of P2 in E. G, Semiquantitative RT-PCR of GN1
and RST in B73 versus Xc/1 meristems shows normal expression in Xc/1
meristems and no expression in Xc/1 leaves. Numbered lanes corre-
spond to number of PCR cycles (1 = 30, 2 = 35, 3 = 40 for GN1 and
RS1; 1 = 22,2 = 26, 3 = 30 for GAP controls). H, PINT RT-PCR
showing lower expression in Gn1;XclT meristems. |, Detection of PIN1
RNA levels with QRT-PCR in wild-type (wt) and Xc/7 seedlings. The
RNA levels were normalized to ZmGAPDH mRNA and are shown
relative to wild-type levels. Bars represent ses over four technical
replicates. B, B73 (wild type); X, XclT; G, GnT1; GX, GnT;XclT; L, leaf;
M, meristem. Scale bars = 200 um.
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failure of meristem maintenance. Kn1-N2;Xcl1 double
mutant meristems had no problems in maintaining
meristem identity, and KNOX expression was detected
in leaves (Fig. 3B).

GN1 and RS1 transcripts were absent from ex-
panded Xcl1 seedling leaves and present at normal
levels in Xcl1 meristems (Fig. 5G). This indicates that
Xcl1 does not directly affect GN1 and RS1 transcript
levels. The similarity of the Xcl1;Gnl and Xcl1;Rs1
double mutant meristems to Arabidopsis mutations in
the PIN1 auxin efflux carrier and to Arabidopsis and
tomato meristems treated with polar auxin transport
inhibitors (Galweiler et al., 1998; Reinhardt et al., 2000;
Stieger et al.,, 2002) indicates that auxin signaling
pathways may be compromised in these double mu-
tant seedlings. The transcript levels of the PIN family
of polar auxin transport genes have been shown to
correlate with changes in protein levels in response to
perturbations in auxin levels (Benkova et al., 2003;
Furutani et al., 2004; Peer et al., 2004). We identified a
maize PIN1 ortholog in the public databases and used
RT-PCR to examine PIN1 levels in mutant leaves and
meristems. ZmPIN1 transcript levels were reduced in
Xcl1 plants (Fig. 5I) and in Xcl1;Gnl meristems (Fig.
5H), indicating that auxin transport pathways may be
compromised in the double mutants.

Vascular Defects in Xcl1

The synergistic interactions between Xcl1 and Gnl
or Rsl indicate that XcI1 itself may exhibit auxin
transport defects. Auxin flow is known to be involved
in vascular patterning (Berleth et al., 2000). Wild-type
maize leaves have up to 30 minor veins between the
major lateral veins (Freeling and Lane, 1994). In con-
trast, Xcl1 leaves have significantly fewer minor veins
between the major lateral veins when compared to
wild type (Fig. 1I). When vascular development was
examined in Xcl1 apices, departures from normal
vascular patterning were seen. In normal maize apices,
the most recently initiated vascular traces in the stem
are between the second and third primordia (Figs. 1E
and 5A; Sharman, 1942), while in XcI1 apices, the most
recently initiated vascular traces are between P1 and
P2 (Figs. 1F and 5B). Since high levels of auxin are as-
sociated with vascular development, this indicates
that higher levels of auxin may be present in this
region of Xcl1 apices. Interestingly, KNOX protein is
excluded from these developing vascular strands (Fig.
5, A and B), suggesting that high levels of auxin may
be correlated with reduced KNOX expression.

Xcl1;cr4 Double Mutants

In Arabidopsis, the auxin efflux carrier PIN1 is lo-
calized in the L1 layer of the meristem, and auxin
transport through the L1 has been proposed to play a
role in determining phyllotaxy (Reinhardt et al., 2003b).
Therefore, changes to the L1 layer of the meristem
would be predicted to influence meristem function. To
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address this hypothesis, double mutants were made
between Xcl1 and cr4. Mutations in CR4, a gene similar
to the human tumor necrosis factor receptor, lead to
aberrant epidermal differentiation and division pat-
terns (Becraft et al., 1996, 2001; Jin et al., 2000). When an
F, population of Xcl1I crossed to the cr4-6143 allele of cr4
was grown in the field for observation, three mutant
phenotypic classes were observed. In comparison to
wild-type leaves with single epidermal layers (Fig. 6A)
and rectangular, crenulated epidermal cells (Fig. 6B),
Xcl1 single mutants had multiple epidermal layers and
square, uncrenulated epidermal cells (Fig. 6, C and D).
cr4 single mutant leaves had epidermal cells that di-
vided in abnormal planes (Fig. 6E) and, when observed
with SEM, had crenulations on the surface of cells in-
stead of between cells (Fig. 6F). The third class of
mutants seemed to be additive of the Xcl1 and cr4

Figure 6. Phenotypes of adult leaves in a cr4;XclT double mutant
family. A, Transverse section of a wild-type leaf. B, Wild-type epidermis
with rectangular pavement cells and evenly spaced stomata. C, Trans-
verse section of an Xc/7 single mutant leaf shows multiple epidermal
layers, but the outer epidermis is flat. D, SEM of the adaxial epidermis of
Xcl1. Pavement cells are square in dimension. E, Transverse section of a
cr4 single mutant leaf. Multiple epidermal-like layers are in smaller
patches and extend out from the plane of the leaf. F, SEM of a cr4
adaxial epidermis. Pavement cells are rectangular in shape but have
crenulations on the surface instead of between cells. G, Transverse
section of a cr4/cr4;Xcl1/xcl1 leaf showing an additive phenotype. A
complete extra epidermal layer is present under a cr4-like outer
epidermis. H, SEM of a cr4/cr4;Xcl1/xcl1 adaxial epidermis. Cells are
square in shape like Xc/T but have crenulations on the surface like cr4.
Scale bars = 100 um.
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phenotypes; a consistent extra epidermal layer was
present below the abnormal outer epidermis (Fig. 6G),
and SEM of the adaxial surface revealed cells that were
square in dimension like Xcl1 but also had crenulations
on the surface (Fig. 6H). F3 analysis of these individuals
indicated that they were heterozygous for Xcl1 and
homozygous for cr4. Thus, double homozygous mu-
tants were predicted to be seedling lethal. The same
F, families were germinated in flats with a light soil.
Representatives from each of the genotypic classes are
shown in Figure 7. The segregation for this family was
3/16 xcll/xcl1;Cr4/? (Fig. 7A); 1/16 xcll/xcll;cr4/cr4
(Fig. 7B); 9/16 Xcl1/?;,Cr4/? (Fig. 7C); 2/16 Xcl/xcl;
cr4/crd; and 1/16 had reduced leaves or no leaves
produced and were seedling lethal (Fig. 7, D-F) and
therefore inferred to be double mutants (Xcl1/Xcl1;
cr4 /cr4; Table III).

The reduction in leaves in the double mutants
suggested that there was a problem in leaf initiation
and/or meristem maintenance that may be similar to
that seen in XclI1;Gnl and Xcl1;Rs1 double mutants.
When compared to cr4 single mutants (Fig. 8, A and B),
cr4;Xcl1 double mutants with reduced leaves (Fig. 7, D
and F) showed a range of meristem phenotypes. The
less severe double mutants had normal looking SAMs
by SEM (Fig. 8, D and E) but reduced KNOX expres-
sion compared to normal, cr4, and XcI1 siblings (Fig. 8,
C and F compared to Fig. 5, A and B), indicating a
gradual loss of meristem identity. Double mutant
seedlings with the most severe phenotypes did not
have a SAM (data not shown).

The extremely reduced seedling phenotypes seen in
cr4;Xcll double mutants indicated that the two genes
may act in the same pathway to influence both epi-
dermal and meristem development. To address this,
CR4 transcript levels were examined in wild-type and
Xcl1 leaves and meristems by RT-PCR (Fig. 8G). When
compared to B73, CR4 levels were greatly decreased in
Xcll mutant SAMs and leaves, indicating that Xcl1
may regulate CR4 transcription. GA20ox and PIN1
levels were also examined in the mutants to determine
if the effects of these mutations on meristem mainte-
nance are linked to the hormones that have been
shown to be involved in KNOX-mediated develop-
mental pathways. PIN1 levels were decreased in cr4
leaves (Fig. 8H), while GA20 oxidase levels were in-
creased in cr4 leaves (Fig. 8I).

DISCUSSION

The mutants described in this study all affect cell
division and differentiation patterns in maize devel-
opment. Knl, Rsl1, and Gnl are all dominant KNOX
mutations that show ectopic gene expression in leaves.
This ectopic gene expression leads to periclinal divi-
sions that produce knots and/or extra cell layers in the
leaf blade and sheath (Vollbrecht et al., 1990; Smith
et al., 1992). According to the maturation schedule
hypothesis, ectopic KNOX expression in leaves retards
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Figure 7. Range of seedling phenotypes in a cr4;Xcl1 F, family. A,
Wild-type seedling. B, cr4/cr4 seedling showing leaf adherence. C,
Xcl1/Xcl1 seedling with narrow, shiny leaves. D to F, Range of reduced
leaf phenotypes seen in double mutants.

the acquisition of competence for distal cell fates,
leading to a proximalization of the leaf, or sheath
identity in the blade (Freeling, 1992). The cr4 mutation
also leads to changes in cell division and differentia-
tion in the maize leaf. Loss-of-function cr4 mutants
have problems in epidermal differentiation and also
have periclinal divisions leading to multiple cell layers
(Becraft et al., 1996; Jin et al., 2000), indicating that the
CR4 protein is important for proper epidermal devel-
opment. Finally, Xcl1 mutants have extra epidermal
cell layers produced by aberrant oblique periclinal
divisions that occur late in leaf development and
lead to differentiation by lineage instead of position
(Kessler et al., 2002). Because all of these mutants lead
to cell proliferation through periclinal divisions, we
constructed double mutants in the hopes of gaining
insight into the pathways involved in controlling cell
division during leaf development. The surprising mer-
istem arrest phenotypes seen in some of the double
mutant combinations point to a more basic role for
these genes in meristem maintenance.

Xcl1 Suppresses the Knl Phenotype

KNOX genes play an important role in the mainte-
nance of meristem identity. In simple-leafed model
species such as maize and Arabidopsis, KNOX genes
are down-regulated in the P and remain off through-
out leaf development (Hake et al., 2004). However,
tomato, which has compound leaves, displays KNOX
expression in developing leaf primordia (Hareven
et al., 1996; Chen et al., 1997). This expression pattern
is seen in compound and secondarily simple-leafed
species with independent origins throughout nature,
and thus represents an evolutionarily conserved de-
velopmental pathway (Bharathan et al., 2002). How
KNOX gene expression is regulated to bring about
different developmental programs is an unanswered
question. In recent years, the PHANTASTICA group of
Myb-domain transcription factors has been shown to
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maintain KNOX suppression in developing leaves in
Antirrhinum (PHANTASTICA), maize (rs2), and Arabi-
dopsis (ASYMMETRIC LEAVESI; Timmermans et al.,
1999; Tsiantis et al., 1999b; Byrne et al., 2000; Ori et al.,
2000). In maize, rs2 mutants phenocopy dominant, gain-
of-function mutations in several KNOX genes, includ-
ing Knl, Rs1, and Gnl, indicating that RS2 functions
to down-regulate these genes in leaves (Schneeberger
et al.,, 1998; Timmermans et al., 1999; Tsiantis et al.,
1999b).

Suppressors of the dominant KNOX phenotypes
would be expected to represent downstream elements
necessary for KNOX activity. Xcl1 is a semidominant
mutation that partially suppresses the Knl phenotype
in leaves. Xcl1 could act either directly or indirectly on
the KN1 pathway to suppress Knl mutant phenotypes
and thus presents us with a way to further dissect the
KNOX pathway.

Dosage analysis revealed that Xcl1 is a hypermor-
phic mutation resulting from increased expression of a
normal gene product (Kessler et al., 2002). Kn1-O and
Kn1-N2 are neomorphic dominant mutations in which
KN1 is expressed ectopically in developing leaves.
One model for the suppression of Knl phenotypes by
Xcl1 is a biophysical model. Xcl1 leaves have aberrant
oblique, periclinal divisions that lead to the produc-
tion of multiple epidermal layers. In Kn1, knot forma-
tion requires signals from underlying mesophyll cells
(Hake and Freeling, 1986; Sinha and Hake, 1990). In
Xcl1;Kn1 double mutant leaves, it is possible that the
suppression of knots is merely a reflection of de-
creased signaling through the extra epidermal layers
conditioned by Xcl1. This hypothesis seems unlikely,
because knots in Knl mutants form primarily over
lateral veins (Gelinas et al., 1969; Hake and Freeling,
1986; Sinha and Hake, 1990). In Xcl1, multiple epider-
mal layers arise after the initiation of lateral veins, and
therefore, the epidermis over lateral veins is always
single layered (Kessler et al., 2002).

A second model for regulation of the KN1 pathway
by Xcl1 is that in normal development, XCL1 acts to
reduce KN1 function in the P, and causes periclinal
divisions that lead to leaf primordium outgrowth.
When Xcl1 is expressed at higher levels than normal,
KN1 activity would be down-regulated even more,
and more cells would be recruited into the P, thereby

Table Ill. Segregation of a representative cr4;Xcl1 F, family

The double homozygotes cr4/cr4; Xcl1/Xcl1 were seedling lethal. The
X value fails to reject the segregation ratio/null hypothesis. 3y* = 3.06;
critical value = 16.75 (P = 0.005, 5 degrees of freedom).

Expected Expected  Observed 2
Genotype Ratio No. No. X
Cr4/ % xcl1/xcl1 3/16 8.8 9 0.01
Cr4/2 Xcl1/xcl1 6/16 17.6 12 1.78
Cr4/2 Xcl1/Xcl1 3/16 8.8 11 0.55
crd/cr4;xcl1/xcl1 1/16 2.9 5 1.52
créd/cr4; Xcl1/+ 2/16 5.9 7 0.20
créd/cr4; Xcl1/Xcl1 1/16 2.9 3 0.003
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Figure 8. Analysis of cr4 and cr4/Xcl1 meristems and
gene expression. A, cr4/cr4 single mutant apex dis-
sected to P3. B, crd4/cr4 apex in A with P3 removed.
Leaf initiation appears normal. C, KNOX expression
in cr4 mutants is similar to wild type and Xc/7 (Fig. 5).
D, cr4/Xcl1 double homozygous mutant apex is very
similar to A, except the P3 primordia are narrower. E,
cr4;Xcl1 apex in B with P3 removed. Leaf primordia
seem to be initiated normally, but the dome of the
meristem is shorter than in cr4. F, KNOX protein
levels are reduced in cr4;XclT meristems. G, CR4
transcripts are reduced in Xc/T meristems and leaves.
H, PINT transcripts are decreased in Xc/T and cr4
leaves. |, GA20 oxidase transcripts are increased in cr4
leaves. B, B73 (wild-type); X, Xcl1; C, cr4; M, meri-
stem; U, unexpanded leaf; L, expanded leaf. Scale
bars = 100 wm.
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affecting meristem maintenance. This model is sup-
ported by the fact that Xc/1 meristems are shorter than
normal and recruit more cells into P, (Kessler et al.,
2002). Additional evidence for XCL1 regulation of
KNT1 activity comes from the other double mutants.
Even though Gnl or Rsl gain-of-function mutants
ectopically express the proteins only in leaves, Xcl1
suppresses KNOX expression in Gn1;Xcl1 SAMs, lead-
ing to loss of meristem integrity. Construction of
double mutant between Xc/1 and loss-of-function knl
mutants (Vollbrecht et al., 2000) may also help to
define the role of XCL1 in regulating KN1 activity.
The suppression of knot formation in Kn1 leaves by
Xcl1, even though ectopic KN1 transcript was present
in leaves, suggests that XCL1 might regulate KN1
posttranscriptionally or could differentially regulate
genes downstream of KN1. One candidate pathway
for regulation by both XCL1 and KNI is the GA
signaling pathway. When KN1 or tobacco KNOX genes
are overexpressed in tobacco, leaf shape is altered and
ectopic meristems form on leaves. GA levels have been
shown to be reduced in tobacco leaves that overex-
press NTH15 (Tamaoki et al., 1997), and NTH15 was
subsequently shown to directly suppress the GA bio-
synthesis gene, GA20 oxidase (Sakamoto et al., 2001).
In addition, GA20 oxidase in tobacco is expressed in
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P, complementary to KNOX expression patterns
(Sakamoto et al., 2001). Our experiments showed that
GA treatment suppressed the Knl phenotype, and
inhibiting GA biosynthesis with uniconazole en-
hanced the Kn1 phenotype. While GA20 oxidase levels
are not appreciably altered in Xcl1;Kn1-N2 double
mutants, GA2 oxidase levels are decreased, indicating
that XCL1 overexpression may lead to higher GA
levels, which in turn suppresses the formation of knots
in double mutant leaves. Thus, decreased GA levels
seem to be necessary for knot formation in dominant
neomorphic Knl mutants. Increased XCL1 product
may bypass KNOX regulation of the GA pathway by
independently decreasing the GA metabolizing en-
zyme GA2 oxidase.

Xcl1 Interactions with Gnl, Rs1, and cr4 Lead to Loss
of Meristem Function

Since dominant Gnl and Rsl mutants have very
similar phenotypes to Knl mutants, we expected a
similar suppression of the KNOX overexpression phe-
notype by Xcl1. Instead, both Gn1;Xcl1 and Rs1;Xcl1
double mutants displayed synergistic phenotypes that
led to meristem arrest at early stages of seedling devel-
opment. The double mutant seedlings had agravitropic
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roots and shoots, reduced vasculature in the developing
stem, and did not initiate lateral roots, all phenotypes
that are hallmarks of disrupted auxin transport and/or
signaling (Vogler and Kuhlemeier, 2003).

Both Gnl;Xcl1 and Rs1;Xcll meristems have a strik-
ing similarity to severe rs2-R mutants described by
Schneeberger et al. (1998). Severe rs2-R meristems
have narrow leaf primordia that are often bifurcated.
In addition, bladeless leaves similar to those in Figure
5E were also reported in rs2. RS1, LIGULELESS 3
(LG3), and KNT1 are all ectopically expressed in rs2
leaves, but single dominant mutants in these genes
have, to our knowledge, never been shown to have
these severe meristem abnormalities, indicating that
misexpression of more than one KNOX gene or over-
expression of KNOX genes in specific domains is
necessary for meristem abnormalities. A polyclonal
antibody raised against KN1 also recognizes other
class 1 KNOX proteins, including RS1, GN1, and LG3.
Immunolocalizations with this antibody revealed no
KNOX expression in developing leaves of XcI1 single
mutants (Kessler et al., 2002), indicating that XcII must
be enhancing Gnl to give an rs2-like phenotype and
ultimate meristem arrest by a mechanism other than
misexpression of multiple KNOX genes.

Layers, Hormones, and Meristem Maintenance

The arrested seedling development seen in Xcl1;cr4
double mutants indicates that XcI/1 may act through
CR4 to exert its effect on KNOX genes in meristem
maintenance. As leaves are initiated from the flanks of
the meristem, the L1 must expand to accommodate
periclinal divisions in internal layers, and the corpus
of the meristem must replenish the cells that become
the new leaf primordia. Thus, communication be-
tween the cell layers is necessary for proper meristem
maintenance and organ production (Ingram, 2004).
The importance of the L1 in meristem function was
illustrated by mechanical removal of the L1 in tomato
meristems, which led to terminal differentiation of the
underlying cells (Reinhardt et al., 2003a). The loss of
meristem maintenance in the most severe Xcl1;cr4
double mutants indicates that there may be a relation-
ship between proper protoderm specification and
SAM maintenance. Xcl1 mutants have a shorter apical
meristem than normal siblings in three different back-
grounds, indicating that Xcl/I may play a role in
regulating KNOX activity in the SAM (Kessler et al.,
2002). CR4 has been shown to be expressed through-
out the SAM and leaf primordia early in development
and is later restricted to the epidermis and vascular
traces (Becraft et al., 2001), but cr4 loss-of-function
mutants have not been reported to affect meristem
maintenance. Therefore, it seems that when XCL1 is
expressed at normal levels, CR4 is not necessary for
meristem maintenance, but when XCL1 is overpro-
duced and there is no functional CR4, KNOX expres-
sion is reduced leading to loss of SAM identity. There
are at least two possible explanations for the loss of
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meristem identity in Xcl1;cr4 double mutants. The first
is that physical abnormalities in the L1 layer of the
double mutant meristems disrupt signaling processes
(such as KNI intercellular trafficking or hormonal
signaling) necessary for meristem maintenance. The
second hypothesis is that XCL1 and CR4 are involved
more directly in regulating genes that play a role in
meristem maintenance. Since CR4 expression is re-
duced in Xcll mutants, it is possible that XCL1 also
regulates genes with meristem maintenance functions
redundant to that of CR4.

Hormonal Balance in Double Mutants

While the meristem abnormalities seen in Xcl1;cr4
double mutants are different than those seen in
Gnl;Xcll and Rs1;Xcll mutants, it is clear that the
presence of the Xcl1 mutation creates an environment
in which the meristem is highly sensitive to perturba-
tions in other pathways (such as KNOX and CR4).
Hormonal pathways are the most likely candidates for
this altered environment, as GA, auxin, and cytokinin
have all been shown to be involved in KNOX signaling
pathways (Hay et al., 2004). As discussed previously,
the suppression of the Knl phenotype by Xcl1 seems
to be mediated through the GA pathway. The loss of
meristem function in the other double mutants seems
more likely to involve auxin signaling pathways.

Auxin has been implicated in the initiation of leaf
primordia from the flanks of SAMs. Tomato meristems
that are treated with polar auxin transport inhibitors
do not form leaves, but when auxin is applied to the
flanks of these naked meristems, leaf primordia are
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confirmed in our experiments or published results, and dashed lines
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initiated (Reinhardt et al., 2000). In Arabidopsis, polar
auxin transport through the L1 layer is necessary for
leaf initiation, and the distribution of auxin is thought
to be a primary determinate of phyllotaxy (Reinhardt
et al., 2003b). This indicates that foci of concentrated
auxin are sufficient for specifying leaf initiation, pos-
sibly by influencing the down-regulation of KNOX
genes.

Connections between KNOX genes and auxin have
also been reported in maize. Seedlings grown on the
polar auxin transport inhibitor, 2,3,5-triiodobenzoic
acid, had leaf phenotypes similar to rs2 and dominant
KNOX mutants. In the same study, rs2 mutants
were shown to have defective polar auxin transport
(Tsiantis et al., 1999a). Treatment of cultured maize
meristems with another polar auxin transport inhibi-
tor, napthylphthalamic acid, leads to a cessation of leaf
primordia initiation correlated with a failure to down-
regulate KNOX genes in P, (Scanlon, 2003). These
results indicate that changes in the distribution of
auxin (or in auxin to cytokinin ratios) phenocopy
KNOX mutations in maize and that high auxin levels
correlate with reduction in KNOX expression (Hay
et al., 2004). The vascular defects seen in Xcl1 mutants
and the various auxin-related phenotypes observed in
Gn1;Xcll and Rs1;Xcll double mutants indicate that
the Xcl1 mutation may change auxin distribution in
seedlings, leading to meristem arrest in double mu-
tants. The altered levels of PIN1 transcripts also sug-
gest that auxin transport or distribution is perturbed,
as PIN transcript levels have been shown to correlate
with changes in auxin (Benkova et al., 2003; Furutani
et al., 2004; Peer et al.,, 2004). Further proof of this
hypothesis awaits the development of tools such as
the Arabidopsis auxin responsive reporter DRb5:
B-glucuronidase (Ulmasov et al., 1997) for analyzing
auxin localization in maize. The semaphorel mutation
leads to misexpression of RS1, GN1, and LG3 (but not
KN1) in leaves independent of the RS2 pathway and
also disrupts polar auxin transport (Scanlon et al.,
2002). This indicates that KN1 expression has a differ-
ent sensitivity to changes in auxin distribution than
RS1 and GN1 and could explain the lack of meristem
abnormalities seen in Knl-N2;Xcll double mutants
when compared to Gnl;Xcll and Rs1;Xcl1 double
mutants.

CONCLUSION

Our double mutant analyses between Xcl1, domi-
nant KNOX mutants, and cr4 provide evidence for a
link between division patterns in the L1 and meristem
maintenance and development. The multiple epider-
mal layers found in Xcl1 may disrupt auxin flow from
older leaves through perturbations in the differentia-
tion of the L1 layer, altering hormonal balance at the
shoot apex and leading to meristem abnormalities that
are enhanced by Gn1 and Rs1 (Fig. 9). The identity of the
XCL1 gene has yet to be determined, but its effects on

1360

CR4, GA2 oxidase, and PIN1 transcript levels indicate
that it regulates a network of other developmental
genes and likely affects hormone biosynthesis, metab-
olism, and/or transport during shoot development.

MATERIALS AND METHODS
Genetic Stocks

The original Xcl1 allele introgressed five to six generations into the
appropriate genetic background was used for all crosses. Kn1-N2 and Gn1-R
were generously provided by Dr. Sarah Hake (USDA-Plant Gene Expression
Center). Kn1-O (118B), Rs1-O (727G), and cr4-6143 (X28F) were provided by
the Maize Genetics Stock Center (accession numbers are listed after stock
name). Xcl1 genotypes were inferred by hand sectioning leaves to look for
extra cell layers.

Histology, Immunolocalizations, and Microscopy

Tissue fixation, sectioning, staining, and KN1 immunolocalizations were
performed as previously described (Kessler et al., 2002). For SEM, approxi-
mately 5-mm sections containing the SAM were fixed in formaldehyde-acetic
acid (10% formaldehyde, 5% acetic acid, 50% ethanol) for 4 h to overnight.
Next, meristems were transferred to 70% ethanol for 1 h, then 85% ethanol.
Older leaves (down to P3-P5) were dissected away from the meristems (under
85% ethanol) using fine forceps and hypodermic needles. Meristems were
then transferred to 95% ethanol for 1 h and 100% ethanol for 15 min to 1 h.
Critical point drying, sputter coating, and microscopy were performed as
previously described (Kessler et al., 2002).

Vein Counts

Two-centimeter pieces of leaf were taken from leaf 10 of five Xcl1 mutants
and five wild-type plants at three positions (base, middle, and tip) of the leaf,
midway between the margin and midrib. Leaves were cleared by autoclaving
in 85% lactic acid for 20 min, washed three times in water, and stained
overnight in 0.05% Toluidine Blue O. The number of veins between major
lateral veins were counted and averages were compared by Student’s t test (at
each position the difference was significant at P = 0.05).

Hormone Treatments

Heterozygous maize (Zea mays) Kn1-N2 seedlings were grown and treated
with external sprays of hormones after the first leaf unfolded. Treatments
continued every second day until the third leaf reached maximum size at
which point leaves 2 and 3 were collected and measurements taken. Hor-
mones were diluted into 250 mL water with five drops TWEEN-20 to aid leaf
surface adhesion. GA treatment was at 100 um GA3 (Sigma). Uniconizole-P
(Sumagic, Valent) treatment was at 20 uM as higher concentrations prevented
further growth. Control was water with Tween-20 and no hormones.

RT-PCR Analysis

Total RNA was extracted from seedling leaves (leaf 1 or 2) and meristems
with either RNAwiz (Ambion) or Qiagen RNeasy Miniprep kit according to
the manufacturer’s recommendations. For semiquantitative RT-PCR the
Promega PolyA tract kit was used to isolate mRNA, which was then reverse
transcribed with Superscriptll (Invitrogen) or Thermoscript (Invitrogen) with
random hexamers according to the manufacturer’s recommendations. GAPDH
primers were used as the constitutively expressed control for semiquantitative
RT-PCR and QRT-PCR. The QRT-PCR was performed according to published
protocols (Yamagishi et al., 2005). Primer specificity was determined by se-
quencing the RT-PCR product from each primer pair. For semiquantitative
RT-PCR each primer pair was tested with different numbers of PCR cycles
to determine the linear range, and subsequent reactions were performed with
the following number of cycles: GAPDH (25), KN1 (35), GA200x (32), CR4 (35),
or as indicated in figure legends. Experiments shown in the figures are
representatives of two biological replicates (RNA preparations from different
sets of tissue) and at least three PCR replicates from each template for the

Plant Physiol. Vol. 141, 2006



semiquantitative RT-PCR and several replicates for the QRT-PCR. In the QRT-
PCR experiments RNA levels were normalized to an internal control
(ZmGAPDH), and the results are reported as relative RNA levels compared to
wild type. The primers used for semiquantitative RT-PCR were: ZmGAPDH-1,
AGGGTGGTGCCAAGAAGGTTG; ZmGAPDH-2, GTAGCCCCACTCGTTG-
TCGTA; ZmKn1-C, GGAGGAGATCACCCAACACTTTGG; ZmKn1-D, TTGA-
TCCTCCTCAGAAGAGCCAGATGAAAG; ZmGA20ox-1, CCTGGAAGGAG-
ACGCTGTCG; ZmGA200x-2, GCTGAGCCAGTTGGAGAAGG; ZmCR4-1, GCA-
GTACCTCTGATCAAAG; ZmCR4-2, CATCTCCTGAATTTCTTCAG; ZmRS1-A,
GAGAACTACAAGCCATGCATAGACGCTAC; ZmRS1-B, TTCTGAAGATG-
ACATGGACCCGAATGGTC; ZmGn1-B1, TACGCAGAAACACTCCGACAC-
GGTCG; and ZmGnl-I, GGCCGTACCCTTCGAGACG. Primers used for
QRT-PCR were: ZmQPinl-1, CGCTGATGCTGTTCATGTTC; ZmQPinl-2,
GCCGTCCTCCTTCACCTC; ZmQGa2ox-1, ACCTACCTAAGCCTCCAAC-
ATAAACTCTCTG; ZmQGa20x-2, AGCCGCCTCAACCTCTTCCACATC;
ZmQGAPDH-1, CGCTCTGAACGACCACTTC; and ZmQGAPDH-2, ACA-
CAAGCAGCAACCATCC.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers: GA20 oxidase, AY105651; PIN1, AY110024;
and GA2 oxidase, DN228214.
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