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ABSTRACT
In Arabidopsis, SHOOT MERISTEMLESS (STM) and CLAVATAI (CLVI) competitively regulate meristem
homeostasis. Here, we explore the interaction of their maize homologs knottedl (knl) and thick tassel
dwarfl (td1). knl mutants form fewer lateral organs and ¢dI inflorescences are fasciated with additional
floral organs. Double mutants show knl epistatic to tdl in seedling and ear development but dose-
sensitivity exists later to promote leaf initiation. Thus knl and ¢dI function in a pathway to maintain
meristem homeostasis but their products may interact with different partners during development.

O produce organs predictably, meristems tightly
control the opposing processes of meristem main-
tenance and lateral organ initiation. In Arabidopsis, the
CLAVATA (CLV) genes control balance between these
processes. Loss-of-function/hypomorphic ¢lv mutants
have enlarged shoot and floral meristems, producing
more floral organs (LEYSER and FURNER 1992; CLARK
etal. 1993,1995; Kayes and CLARK 1998). CLVIand CLV2
encode aleucine-rich repeat (LRR) receptor-like kinase
protein and an LRR protein lacking a kinase domain,
respectively (CLARK et al. 1997; JEONG et al. 1999). CLV3
encodes a small peptide (FLETCHER et al. 1999) that
physically interacts with CLV1 (Ocawa et al. 2008).
BAM1I, BAM2, and BAM3 encode CLVI-related receptor
kinases. Opposite of clumutants, the double or triple bam
mutants have smaller meristems (DEYOUNG et al. 2006).
Genetic evidence, however, points to asignificantrole for
the BAM loci in the CLV pathway, as the bam mutants
ameliorate the clu3phenotype butenhance nullalleles of
clvl (DEYOUNG and CLARK 2008).

The homeobox gene SHOOT MERISTEMLESS (STM),
central to meristem maintenance and determinacy
(LoNG et al. 1996), functions in a separate pathway
(BRAND et al. 2002; LENHARD et al. 2002). Strong stm
mutants lack vegetative development and produce only
cotyledons (BARTON and PorTHIiG 1993). Weak stm
mutants may progress to flowering and demonstrate a
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function for STMin inflorescences (ENDRI1ZZI et al. 1996;
BRAND ¢f al. 2002; BHATT et al. 2004; KANRAR ef al. 2006).
clvl alleles suppress the stm phenotype and stm alleles
suppress the clvl phenotype, indicating that these genes
play antagonistic roles. This genetic interaction is dose
dependent: CLV1 and STM proteins are sensitive to each
other, suggesting that their balance is necessary to
maintain proper meristem size and shape (CLARK et al.
1996).

Knotted1 (knl) is a maize homolog of STMwith similar
expression pattern and function (SMITH et al. 1992;
VOLLBRECHT e al. 2000). Expressivity of recessive knl
mutations depends upon genetic background and mer-
istem size. In inbred lines with larger meristems, defects
are most pronounced during the adult phase: tassels are
less branched, ears often absent or with reduced seed set.
Ectopic leaves may form above the ear node (KERSTETTER
et al. 1997). In restrictive backgrounds with smaller
meristems, a limited shoot phenotype is seen in which
zero to two leaves form (VOLLBRECHT et al. 2000).

clvlike mutations affect distinct meristems in the
grasses, unlike Arabidopsis, in which all shoot meristems
are larger. Mutations in the CLV3 rice homolog, FON2,
affect only floral meristems (SuzAki et al. 2006), while
mutations in another CLV3 homolog, FCPI, affect only
vegetative meristems (SUZAKI et al. 2008). Mutations in
the rice CLVI homolog, FONI, affect only floral mer-
istems (Suzakrt et al. 2004), suggesting another CLVI
homolog functions in inflorescence and vegetative
meristems. thick tassel dwarf (tdl) encodes the most
similar maize CLV1 homolog with 58% amino acid
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TABLE 1

Penetrance of limited shoot phenotype in the B73:Mo17
genetic background

Genotype* N LS’ (n)
knl/knl; tdl1/tdl1 18 3¢
knl/knl; tdl/+ 14 4
knl/knl; +/+ 7 1¢
knl/+; tdl/idl 11 0
knl/+; tdl/+ 13 0
knl/+; +/+ 5 0
Total 68 8

To create a family segregating double mutants in the
B73:Mo17 background, knl-EI was backcrossed to Mol7 four
times and ¢dI-glf was backcrossed to B73 nine times. An F;
plant with these two parents was self-pollinated to make an
Fy family and assayed by PCR for all possible allelic combina-
tions. Only knl-E1 plants showed the limited shoot pheno-
type. An Fy individual with the genotype knI-E1/+ tdi-glf/ +
was crossed to a sibling with the genotype knl-El/knl-El
td1-glf/+ to enrich for double mutants. Plants were grown un-
der greenhouse conditions.

“Not significantly different from expected ratio (X? P >
0.01).

’ Limited shoot phenotype.

“One plant in each of these classes recovered and grew nor-
mally.

identity to CLV1 and 51% identity to BAM1 and BAM2.
{dl mutants have enlarged inflorescence meristems,
increased spikelet density and supernumerary floral
organs but, in contrast, reduced vegetative growth.
Plants are shorter with fewer leaves (BOMMERT et al.
2005). Thus TD1 may promote vegetative meristem
growth and restrict inflorescence and floral meristem
growth.

To investigate the role of STM-and CLVI-homologous
pathways in the grasses, we have utilized mutations in
knl and tdI to observe double-mutant phenotypes.

td1-glf fails to suppress the limited shoot pheno-
type of knI-EI: We combined the null knl-El allele
(VOLLBRECHT et al. 2000) with the null tdI-glf allele
(BoMMERT el al. 2005) to determine if {d1-glf can sup-
press the limited shoot phenotype caused by knl-E1. The

limited shoot phenotype was more penetrantin a mixed
B73:Mo17 background than in B73 alone, allowing us to
study more individuals. Of 39 knl-El homozygous
plants, 8 (20.5%) exhibited limited shoots (Table 1;
Figure 1A). The genotype at the td1 locus did not affect
this phenotype, indicating that {dI-glf cannot suppress
the effects of knI-I1 during early vegetative growth and
that knl-E1 is epistatic to td1-glf.

td1-glf vegetative meristems are smaller: In Arabidop-
sis, clvl meristems are larger than wild type during
vegetative growth (CLARK el al. 1993). In contrast, we
found that vegetative meristems of t¢d/-glf mutants are
smaller than those of wild-type siblings (Figure 2). This
finding may explain why td1-gl{fdoes notsuppress knl-E1.

td1-glf increases the penetrance of the knl-El ectopic
vegetative leaf phenotype: In permissive backgrounds,
plants homozygous for knl loss-of-function alleles de-
velop ectopic leaves in the axils of leaves at a low pene-
trance (12%) (KERSTETTER el al. 1997). tdI-glfenhanced
this phenotype dose dependently (Table 2) (Figure 1, B—
E). The ectopic leaves are reversed in polarity with their
adaxial surface (Figure 1D) facing the adaxial surface of
the true leaf. In an Fy family segregating tdI1-glf and
knl-E1, all double mutants had at least one ectopic leaf,
while knl-E1 homozygotes with one or no copies of
td1-glf had 40% and 20%, respectively. In a family
segregating 50% knl-El and 50% knl-E1/+ in the (dI-
glf mutant background, 90% of double mutants and
40% of knl-E1heterozygotes had ectopic leaves. No kn -
E1/+ td1-glf/td1-glf plants had ectopic leaves in the Fo
family, indicating possible epigenetic and/or environ-
mental influence on the phenotype. We also observed
fusion of most ectopic leaves of double mutants to the
adjacent leaf (Figure 1E) whereas fusion only occurred
in a quarter of ectopic leaves of knl-E1/+ td1-glf/td1-glf
plants. Thus, we detected a synergistic increase in
penetrance of ectopic leaves and an unexpected in-
volvement of ¢dI in the regulation of leaf initiation.

knl-El is epistatic to tdI-glf in ear development: knl
and tdI are antagonistic in ear development. In permis-
sive backgrounds, ears of knl mutants are small with
reduced spikelet density (KERSTETTER e/ al. 1997). Ears
of tdl mutants are fasciated with increased spikelet

FIGUrRe 1.—Vegetative phenotypes of double
mutants. (A) A knl-El; td1-glf seedling showing
the limited shoot phenotype of a single leaf. Nor-
mal siblings are in the background. Their first
leaf has senesced. (B) An ectopic leaf in the axil
of a normal leaf. The ligule (arrow) is facing the
ligule of the normal leaf (not seen). The ectopic
leaf is attached at the meristem. (C-D) Each sur-
face of ectopic leaf from B. (E) A fused ectopic
leaf from a double mutant, fused proximal to
arrow.
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B73 (n=16)
B73/1dl-glf (n=13)
1dl-glfitd1-glf (n=13)

124 (36) 117(12)
129 (43) 116 (16)
63 (19) 58(6)

1.05 (0.22)
1.09 (0.29)
1.10 (0.30)

B3 vs. BT3/td1-glf

B73 vs. 1d]-glfidl-glf
B73/id1-glf vs. tdI-glfidi-glf 0.0 0.00 0.94

0.74 0.86 0.64
0.00 0.00 0.58

Vegetative meristems were
measured 14 days after sow-
ing (DAS) after dissection

density on a continuous meristematic surface (Figure
3B) (BOMMERT et al. 2005). Double-mutant ears (Figure
3D) resembled those of knl plants (Figure 3C), with
patches of rachis lacking spikelets and similar spikelet

TABLE 2

td1-glf increases the penetrance of the knI-El ectopic leaf
phenotype and promotes fusion of ectopic leaves in the
B73 genetic background

Genotype* Ectopic leaves’ Penetrance (%)

Fo family
knl/knl; td1/td1 4 (2.5; 4) 100
knl/knl; tdl/+ 4 (0.7; 10) 40
knl/knl; +/+ 1 (0.2; 5) 20
knl/+; td1/td1 0 (0; 13) 0
knl/+; td1/+ 0 (0; 19) 0
knl/+; +/+ 0 (0; 19) 0
+/+; td1/td1 0 (0; 11) 0
+/+; dl/+ 0 (0; 5) 0
/4 4+ 0 (0; 10) 0

1:1 family
knl/knl; tdl/tdl 9 (1.90; 10) 90 (12/19)

knl/+; td1/td1 8 (0.45; 20) 40 (2/9)

td1-glf was backcrossed to B73 nine times and the knl-El
allele was backcrossed to B73 six times. An F; plant with these
two parents was self-pollinated. Fy plants were assayed by PCR
for all possible allelic combinations and a double mutant was
crossedwithaknl-E1/+ td1-glf/ td1-glf plantto generate afamily
segregating 1:1 for knl-E1 homozygotes in the tdI-glf mutant
background. Plants were grown under greenhouse conditions.

and viewing under a Nikon
SMZ800 microscope.

density (Table 3). However, instead of solid rachis,
ectopic spikelets formed inside ears of double mutants
(Figure 3E) and the rachis fused distally, a phenotype
not observed in knl or (dI single-mutant ears (data not
shown).

Summary: S7M and CLV loci competitively regulate
the balance of central and peripheral zones of the shoot
apical meristem (CLARK ef al. 1996). To assess whether
this relationship exists in maize, we analyzed the in-
teraction of (dl and knl. td1-glf does not suppress the
limited shoot phenotype of knl-El, possibly because td1
vegetative meristems are smaller. knl-EI suppresses the
fasciation of tdI-glf inflorescences, indicating that the
abnormal growth of fasciated meristems requires nor-
mal knl function. (dI-glf fails to suppress the ectopic
leaves of knl mutants; rather, it enhances the pheno-
type. td1-glf increases fusion of these ectopic leaves to
their subtending leaves, a defect ameliorated by normal
knl alleles. In addition, a new phenotype was seen in
double mutants: ectopic spikelets inside ears. Thus,
KNI and TD1 function in a linear pathway maintaining
homeostasis in the vegetative meristem and ear, during
spikelet initiation. Because {d mutant ears are fasciated
yet their vegetative meristems are smaller, the function

“Not significantly different from expected Fy ratio (X?, P>
0.05).

*Number of plants with ectopic leaves followed by mean num-
ber of ectopic leaves per plant and sample size in parentheses.

“Number of fused ectopic leaves/total number of ectopic leaves.
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F1GURE 3.—Reproductive phenotypes. Unpollinated ears of
(A) normal sibling, (B), tdI-glfhomozygote, (C) knI-E1homo-
zygote, and (D) a double mutant. Patches of cob have failed to
initiate kernel primordia in the double mutant, as seen in knl-
EThomozygotes. (E) A longitudinal section of the same ear in
D. Arrow in E points to ectopic kernel primordia in the ear
core, a phenotype not seen in either single mutant.

of TD1 is similar to CLV1 in the inflorescence and floral
meristems, but more similar to BAM (DEYOUNG et al.
2006) in vegetative meristems. The synergism displayed
by ectopic leaves and ectopic spikelets suggests that TD1

TABLE 3

knl-El is epistatic to tdI-glf in ear spikelet formation

Genotype Ear spikelets” (n)

A. Ear spikelet counts
+/= t/=
tdl/tdl; +/—
+/—; knl/knl
td1/td1; knl/knl

95.39 (12.91; 31)
30.90 (16.14; 23)
10.89 (5.82; 11)
11.67 (5.01; 6)

Genotype P-values

B. Comparisons of ear spikelet counts of the
td1-glf; knl-I1 Fo family

tdl/tdl; +/— vs. +/—; +/— 0.0027%*
+/—; knl/knl vs. +/—; +/— 0.000%***
td1/tdl; +/— vs. +/—; knl/knl 0.000%3*
tdl/td1; knl/knl vs. +/—; +/— 0.001**
td1/tdl1; knl/knl vs. td1/tdl; +/— 0.000%**
tdl/tdl; knl/knl vs. +/—; knl/knl 0.975

Plants from the td1-glf, knl-E1 Fy family were grown in the
greenhouse and observed. (A) Unpollinated ear spikelet
counts. Numbers are mean values with standard deviations
in parentheses followed by the number of plants measured.
(B) P-values of a two-tailed Student’s ttest of ear spikelet
counts comparing the genetic classes. **Values are significant
at the 1% level; ***values are significant at the 0.1% level.

“Numbers of spikelets were counted from a cross section of
the ear at its widest point, ~1 cm from the ear tip.

and KNI also converge to maintain cob identity and
lateral organ initiation. Like the BAM genes, (d1 is widely
expressed (BOMMERT ef al. 2005) and these multiple
roles may be dependent upon tissue specificity of other
pathway members. We conclude that the relationship
between td1 and knl is not directly comparable to that
of CLVI and STM, as td1, like the BAM genes, has mul-
tiple functions throughout development.
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