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Abstract

The shoot apical meristem (SAM) maintains a pool of indeterminate cells within the SAM proper, while lateral organs are
initiated from the SAM periphery. Laser microdissection-microarray technology was used to compare transcriptional profiles
within these SAM domains to identify novel maize genes that function during leaf development. Nine hundred and sixty-
two differentially expressed maize genes were detected; control genes known to be upregulated in the initiating leaf (P0/
P1) or in the SAM proper verified the precision of the microdissections. Genes involved in cell division/growth, cell wall
biosynthesis, chromatin remodeling, RNA binding, and translation are especially upregulated in initiating leaves, whereas
genes functioning during protein fate and DNA repair are more abundant in the SAM proper. In situ hybridization analyses
confirmed the expression patterns of six previously uncharacterized maize genes upregulated in the PO/P1. PO/P1-
upregulated genes that were also shown to be downregulated in leaf-arrested shoots treated with an auxin transport
inhibitor are especially implicated to function during early events in maize leaf initiation. Reverse genetic analyses of
asceapenl (asc1), a maize D4-cyclin gene upregulated in the PO/P1, revealed novel leaf phenotypes, less genetic redundancy,
and expanded D4-CYCLIN function during maize shoot development as compared to Arabidopsis. These analyses generated
a unique SAM domain-specific database that provides new insight into SAM function and a useful platform for reverse
genetic analyses of shoot development in maize.
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Molecular genetic analyses have identified a growing number of
genes contributing to the complexity of SAM function in maize.
The homeobox gene #knotted] (knl) is required for meristem
indeterminacy; null knl mutants fail to maintain the SAM [2,3].

Introduction

The maize shoot apical meristem (SAM) is a complex signaling
network of distinct structural and functional domains that performs

two essential developmental functions during plant shoot develop-
ment: (1) self-maintenance and (2) organogenesis. Responsible for
the development of all above ground organs in the plant, the SAM
must maintain a precise equilibrium during which cells lost to
newly-initiated leaves are replenished to maintain the SAM proper.
Comprised of two tissue layers, the single-celled tunica (L.1) and a
multilayered corpus (L2), the maize SAM displays histological
zonation that is correlated with its functions (Figure 1A). Determi-
nate lateral organs arise from the peripheral zone (PZ) whereas the
central zone (CZ) is comprised of more slowly dividing meristem
imnitial cells that replenish the SAM. Although Caspar Wollft first
recognized the SAM as the organogenic center of the plant shoot
almost 250 years ago [1], detailed mechanisms of SAM function
remain a fundamental question in plant biology.
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Down-regulation of KN1 accumulation in the PZ precedes lateral
organ initiation, and is correlated with auxin transport and
expression of the knotted1-homeobox (KNOX) regulator rough sheath?
(rs2) in the PZ [4-7]. SAM size is also controlled by the cytokinin-
inducible RESPONSE REGULATOR ABPHYLI, in which
mutations increase SAM size and lead to disrupted phyllotaxy in
the maize shoot [8,9]. Maize leaves are formed via recruitment of
~200 leaf founder cells from the PZ of the SAM [10], followed by
differentiation along three developmental axes (proximo-distal/
medio-lateral/adaxial-abaxial). Genetic analyses have identified
several maize genes involved in these SAM functions, including
those required for leaf initiation and phyllotaxy (ferminal earl and
aberrant phyllotaxy1), proximodistal patterning (52 and semaphorel),
mediolateral development (narrow sheathl &2, ragged seedling?, wavy
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Author Summary

All the organs of plant shoots are derived from the shoot
apical meristem (SAM), a pool of plant stem cells that are
both organogenic and self-sustaining. These dual SAM
functions take place in distinct yet adjacent meristematic
domains; leaves are derived from the peripheral zone (PZ)
of the SAM whereas cells lost during organogenesis are
replenished from the central zone (CZ). Deciphering the
global patterns of differential gene expression within these
discrete SAM functional domains is integral toward
understanding the molecular-signaling networks that
regulate plant development. We utilized laser-microdis-
section technology to isolate tissues from the SAM crown
and center (SAM-proper) and from initiating leaves (PO/P1)
at the SAM periphery for use in microarray comparisons of
gene expression within these SAM functional domains.
Nine hundred and sixty-two maize genes were differen-
tially expressed, confirming that the distinct functions of
these meristematic domains involve widespread differenc-
es in gene expression. Genes involved in cell division, cell
wall biosynthesis, chromatin structure, and RNA binding
are especially upregulated in initiating leaves, whereas
genes regulating protein stability and DNA repair are
upregulated in the SAM proper. Mutations in a D-cyclin
gene that was upregulated in the PO/P1 render narrow-
leafed mutant plants with defective stomatal patterning,
providing functional genetic data for a previously unchar-
acterized maize gene.

auricle in bladel), and adaxial-abaxial patterning (rolledl, miR166,
leafbladeless], milkweed podl) [11,8,12-19]. Elucidation of the
regulatory networks that coordinate these intersecting develop-
mental functions will be bolstered by the use of genomic
approaches to generate testable models for the SAM interactome,
followed by comprehensive genetic and biochemical analyses to
test and extend these hypotheses.

The complementary expression domains of the molecular
markers 752 and knl clearly illustrate that indeterminate cells of
the SAM proper are immediately juxtaposed to leaf founder cells
within the maize shoot apex (Figure 1B). The close proximity of
these distinct functional domains presents technical barriers to
comparative analyses of these discrete SAM functions. However
recent technical advances have enabled a genomics approach
toward the molecular dissection of SAM function. The relatively
large size of the maize SAM, 50-250 founder-cells are recruited
into the incipient leaf versus 25-30 in Arabidopsis [10,20], renders
the maize plant especially tractable to laser-microdissection
technologies. Laser-microdissection permits the precise isolation
of specific tissues, organs, or cells from fixed and sectioned plant
tissues adhered to microscope slides [21]. Nanogram quantities of
RNA extracted from less than 1 mm?® of microdissected tissue
(comprising five to ten whole SAMs) can be linearly amplified
using T7 RNA polymerase to generate microgram quantities of
RNA sufficient for transcriptional profiling using microarray
technology [22-26]. Owing to its unique ability to sample discrete
microdomains in plant tissues, laser-microdissection eliminates the
transcriptional noise contributed by adjacent or contaminating
unrelated tissues and thereby enables transcriptional profiling that
is focused on the cells and tissues of interest.

Laser microdissection-microarray technology was utilized in
comparative transcriptional analyses of functional domains in the
maize SAM. Gene expression within SAM microdomains
encompassing the initiating maize leaf (PO/P1) and the stem cells
of the SAM-proper was analyzed; 962 maize genes were
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differentially expressed in this comparison. Control genes of
known expression domain confirmed the accuracy of the laser
microdissections and validate the dataset. Genes predicted to
function during cell division/growth, chromatin remodeling,
RNA-binding, cell wall biosynthesis and translation are especially
upregulated in initiating leaves, whereas genes involved in protein
fate and DNA repair are prevalently expressed within the SAM-
proper. In situ hybridization analyses, and gRT-PCR analyses of
apices that are arrested in leaf initiation identified twelve maize
genes predicted to function during leaf iitiation. Reverse genetic
analyses of the maize D-cyclin gene asceapenl (ascl) confirmed its
predicted function during maize leaf and shoot development;
novel mutant phenotypes revealed differing levels of genetic
redundancy and divergent patterns of subfunctionalization among
¢yclin paralogues in maize and Arabidopsis. Our data provide a
unique database that provides insight into SAM function and a
useful platform for reverse genetic and biochemical analyses of
maize shoot development.

Results

Laser Microdissection—Microarray Analyses of SAM
Domains

Maize seedlings were grown under controlled conditions and
processed for laser microdissection of SAM domains (see Materials
and Methods). Although KNOX immunohistolocalization analy-
ses clearly delineate the leaf/non-leaf boundary in the maize shoot
apex (Figure 1B), these treatments require crosslinking fixatives
that preclude the extraction of RNA from microdissected tissues.
Therefore, in lieu of molecular makers, two distinct SAM domains
were captured using morphological/anatomical cues (Figure 1 C—
D). The “SAM-proper” comprised the apical crown and central
stem of the shoot apex, and is estimated to include the CZ. Tissue
extracted from the “P0/P1” domain included the PZ and the
newest-initiated lateral organ that formed a protruding buttress on
the SAM flank. Care was taken to avoid the SAM peripheral zone
during captures of the SAM-proper domain; likewise the PO/P1
samples were harvested from a depth of no more than three cell-
layers in order to avoid tissues that typically accumulate KNOX
proteins (Figure 1B), markers of meristematic identity [2]. Tissues
derived from ten total SAMs were pooled into domain-specific
samples comprising a single biological replicate.

Following RNA extraction and amplification (see Materials and
Methods), six such biological replicates were utilized in microarray
hybridizations to 29,600 total elements (including approximately
23,000 unique maize genes) contained on the customized maize
c¢DNA microarrays SAM1.1 and SAM3.0 [described in 25,26].
Replete with genes identified from meristematic tissues, SAM 1.1
contains over 7,500 cDNAs derived from maize inflorescences and
SAM 3.0 contains over 10,500 cDNAs derived from vegetative
apices (i.e. SAM plus four leaf primordia). For each array
platform, three of the six cDNA pairs were labeled with Cy3
from the SAM-proper and Cy5 for the PO/P1. Dye assignments
were reversed for the other three replications. Normalized Cy)
and Cy3 signals were used to test for evidence of differential
expression among the SAM domains using a linear model analysis
for each gene (see Materials and Methods).

A total of 1,312 array elements were differentially expressed in
these SAM domains utilizing cut-off parameters of P-value<<2.93
E-4 and fold change>2.0. Alignment of these 1,312 cDNA
sequences to predicted genes within the sequenced maize genome
(see Materials and Methods) identified 962 maize gene contigs
(MGQ) that were differentially expressed in the SAM-proper and
PO/P1 leaf primordia (Table S1). These included 542 genes
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Figure 1. Domains in the maize SAM. (A) Toluidine blue O stained image of the maize seedling shoot apex showing the SAM surrounded by
older leaf leaf primordia (leaf) and a newly-initiated leaf (P1). SAM histological zonation (CZ and PZ) and layering (L1 marked with arrow) are noted. (B)
KNOX immunolocalization of the maize shoot apex. KNOX proteins (blue) accumulate in nuclei of the SAM and stem, but are excluded from the
initiating PO/P1 leaf primordium (arrow) and older leaf primordia. (C-D) Micrograph of the maize shoot apex (C), and the SAM-proper and PO/P1
domains (outlined in D) captured by laser microdissection. Relative tissue areas comprising each domain are indicated in the white rectangles.

doi:10.1371/journal.pgen.1000476.9001

upregulated in the PO/P1 leaf and 420 genes upregulated in the
SAM-proper (Figure 2). Notably, 48 (ie. 3.6%) of the 1,312
differentially expressed array elements did not align to any
sequenced MGC; the EST accession numbers of these unaligned
genes are thus listed among the 962 genes contained in Table S1.
None of these unaligned EST sequences are predicted to comprise
repetitive retrotransposons, but presumably correspond to a
portion of the maize gene space that is as yet unrepresented in
the sequenced portion of maize genomic DNA. Approximately
31.8% of the cDNA array dataset aligned with equal affinity to
multiple MGCs, and are likely to comprise gene family members
for which the available ¢cDNA sequence does not distinguish
between close paralogs (Table S1).

The estimated false discovery rates were 1.1% for SAMI.1 and
0.5% for SAM3.0. Bioinformatic predictions of function were
performed for all differentially expressed genes as described [27],
and are presented at the SAM-The Maize Shoot Apical Meristem Project
database created during this project (http://sam.truman.edu/
geneva/geneva.cgi). A total of eighteen different Gene Ontology
(GO) functional categories are identified as detailed below
(Figure 2), including: DNA repair; photosynthesis related; RNAi;
transposable element; other; cytoskeletal; extracellular matrix/cell
wall; signal transduction; cell division/growth; protein fate; RNA
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binding; stress related/defense; vesicle trafficking/transport; tran-
scription; chromatin; metabolism; translation; and unknown.

Control Genes Exhibit SAM Domain-Specific Expression
Control genes whose expression in either the SAM-proper or
the PO/P1 is described previously attested to the precision and
accuracy of the SAM domain microdissections (Figure 1D; Table 1
and references therein). For example, the meristem maintenance
gene knotted1' (knl; [2], see Dataset SI for a list of the MGC
accession numbers corresponding to superscripted numerals in this
text), the phyllotaxy regulator terminal earI® (tel; [11]), the trans-
acting siRNA (tasiRNA) biogenesis gene leafbladelessI® (Ibl1; [28])
and the maize homolog of the sterol biosynthetic gene fackel* [29]
were all identified in our microarrays as up-regulated in the SAM-
proper, in agreement with published expression analyses. Likewise,
the knox-regulatory gene rough sheath2” (152; [6,7]), a maize homolog
of growth-regulating factor1® (@rf1; [30]), a maize awxin response factor5/
monoteros1” (arf5/monopleros; [31]), and several members of the yabhy
gene family of transcription factors (yab15%, yab10%; Zm-drooping leaf
like'®; [16,26]) were all up-regulated in the PO/P1 domain, as
predicted from previous studies. Control genes also up-regulated
in the initiating leaf included maize orthologues of the auxin
transporters pinformed1'" (pind) and auxin insensitivel'? (auxI), as well
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Figure 2. Differential gene expression in SAM domains. Laser microdissection microarray analyses identified 962 maize genes, separated into
18 different functional categories, as differentially expressed in the SAM-proper and PO/P1 domains. P-values of significance for SAM domain-specific

differential expression of gene categories are indicated.
doi:10.1371/journal.pgen.1000476.9g002

as the cell wall-loosening gene beta expansin8'® (expbh8), all of which
are known to be expressed during leaf initiation in maize and/or

Arabidopsis [32-35].

Differential Gene Expression in SAM Microdomains
Microarray analyses of the SAM-proper and PO/Pl apical
domains reveal discrete GO functional categories of preferentially
expressed genes (Iigure 2; Table S1). For example, significantly
more (P<0.036) genes involved in protein fate/ubiquination were
found to be upregulated in the SAM-proper (42) as compared to

predicted E2 UBIQUITIN CONJUGATING ENZYME-
LIKE'. Also, three-fold more DNA-repair genes were upregu-
lated in the SAM-proper than in the PO/P1, including maize
orthologues of 7ad23 1 1adA™, mus1'” and the SNE2 domain/ helicase
protein'®.,

Genes comprising five predicted functional categories were
significantly upregulated in the PO/P1, including those functioning
in the extracellular matrix/cell wall (P<6.10E-05), cell division/
growth (P<0.005), RNA binding (P<0.009), chromatin (P<2.64E-
04), and translation (P<<4.76E-07). Fifteen genes involved in cell

the PO/P1 (24), including multiple paralogues encoding a wall biology were upregulated in the PO/P1, whereas none were
Table 1. Microarray expression data for selected SAM domain control genes.
Maize Contig P-value Fold change Gene prediction Function
AC191426.2-Contig19 0.000167 2.52; SAM knotted-1 SAM maintenance
AC200561.4-Contig49 7.21e-07 5.67; SAM leaf bladeless adaxial patterning
AC214821.2-Contig11 3.99e-05 2.78; SAM terminal earl phyllotaxy
AC183520.3-Contig25 8.06e-05 2.43: SAM Zm-fackel sterol biosynthesis
AC185600.3-Contig17 6.61e-06 8.22; PO/P1 rough sheath2 KNOX regulation
AC210607.2-Contig20 7.82e-06 3.62; PO/P1 Zm-pini auxin efflux
AC177947.2-Contig69 2.15e-07 6.57; PO/P1 Zm-auxl auxin influx
AC190645.3-Contig32; 1.17e-08 20.37; PO/P1 Zm-growth-regulating factor1 cell expansion
AC204518.4-Contig32 1.98e-06 5.01; PO/P1 Zm-monopteros| transcription
AC202451.2-Contig53 6.07e-05 3.73; PO/P1 Zm-yabby10 transcription
AC194098.3-Contig35 5.74e-06 16.09; PO/P1 Zm-drooping leaf transcription
AC195538.2-Contig93 1.38e-09 11.97; PO/P1 Zm-yabby15 transcription
AC204864.2-Contig55 5.62e-05 2.73; PO/P1 Zm-beta expansin8 cell-wall loosening
doi:10.1371/journal.pgen.1000476.t001
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upregulated in the SAM-proper. These included genes encoding
cell wall GLYCOPROTEINs' and GLYCOSYLASES®, an
ALPHA-EXPANSIN?!, a BETA-EXPANSIN'?, and a CELL
WALL-ANCHORED PROTEIN*.

Differentially expressed genes encoding proteins involved in cell
division and growth in the PO/P1 outnumbered those identified in
the SAM-proper twenty-three to seven (Figure 2). Reflecting the
increased mitotic activity found in the peripheral zone and
initiating leaf as compared to the SAM central zone, these
included genes encoding various CYCLINs**?” and a putative
maize homolog of mammalian growth regulating factorl®. Also
identified are at least four maize paralogs of the TRANSLA-
TIONALLY-CONTROLLED TUMOR PROTEIN (TCTP* ),
guanine exchange factors that control organ size in Drosophila and
mammals by regulating a specific dRheb-GTPase within the target
of rapamycin (TOR) signaling pathway [36]. Recent analyses of a
TCTP gene in Arabidopsis revealed increased expression in rapidly
growing tissues; reverse genetic mutant plants exhibited a range of
developmental defects including reduced cell size and leaf expansion,
and decreased sensitivity to auxin [37].

Three distinct argonautel-like maize paralogues® > were
identified in our microarray data, all of which were upregulated
in the PO/P1 (Table S1). Arabidopsis contains two close paralogues,
argonautel (agol) and pinheadl/zwillel (pnhl/zIlI), which encode
components of the multi-subunit RNA-induced silencing complex
(RISC; [38]). In keeping with their partially overlapping roles in
the miRNA-regulated control of leaf polarity and of SAM
maintenance, ago/ is evenly expressed throughout the Arabidopsis

argonaute1

' peptide transporter

gro regulatory factor1

SAM Functional Domains

SAM and young leaf primordia [39-42], whereas pnhl/zll]
transcripts accumulate preferentially in leaf primordia and in the
vasculature [43-45]. Owing to the nearly identical amino acid
sequences of AGO1 and PNHI, it is not possible to predict which
of maize ago-like genes are agol orthologues and which are pnil/
zll1 orthologues. However, in situ hybridization analysis of a maize
agol-like gene that was upregulated more than seven-fold in the
PO/P1 confirmed our microarray data, and revealed a pnhl/zl-
like expression pattern (Figure 3A). Although transcripts are
indeed detected in the SAM crown and center, more abundant
transcript accumulation is observed in the leaf founder cells, the
SAM periphery, and in young leaf primordia (Figure 3A).

In contrast to the miRINA regulatory ago/ genes identified in the
P0/P1, the tasi-RNA gene b11* [28] and the siRNA effector
protein gene argonauted™ (ago4; [46,47]) were upregulated in the
SAM-proper. Moreover, significantly more RNA-binding genes
were preferentially expressed in initiating maize leaves compared
to the SAM-proper, including four genes predicted to encode
RIBONUCLEOPROTEINs*®*, numerous GLYCINE-RICH
RNA-BINDING PROTEIN*"** paralogs, and a maize homolog
of the Arabidopsis flowering-time regulator flowering locus K= gene
(flk; [48]; Table S1).

A preponderance of gene elements predicted to function during
chromatin structure and remodeling were upregulated in the PO/
P1 versus the SAM-proper (45 versus 16, respectively; Figure 2).
For example, a cytosine-5-methyltransferases*® and three methyl-CpG
DNA binding domain*” ** genes are specifically upregulated in the
PO/P1. Likewise, whereas hdt3—like™® and sir2-like’" histone deacetylase

rbtein '

D-cyﬁn

Figure 3. In situ hybridization analyses of genes upregulated in the PO/P1. Transcripts for six genes identified in SAM microarray analyses as
differentially expressed in the PO/P1 SAM all accumulate in young leaf primordia (arrows) and in the lower SAM periphery and PO (arrowhead).

doi:10.1371/journal.pgen.1000476.9003
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a  hdt2-like histone

gene are upregulated in the leaf initials,

deacetylase® is highly expressed in the SAM-proper and three
swib-domain®® ™" gene paralogs are detected only in the SAM-
proper.

Although the number of putative transcription factors (TT%s)
preferentially expressed in either the SAM-proper or the PO/P1 is
exactly equal at thirty-three each (Figure 2), each SAM domain
exhibited upregulation of various distinct T genes not identified
in the other. For example, the founding member of the Anotted-like
homeobox (knox) gene family knl' is differentially expressed in the
SAM-proper, while the related Anox gene anarley1™  (gnl) is
upregulated in the PO/P1. Although a previous report detected
gnl expression in the shoot apex [49], the SAM domain specificity
of gnl expression was not described previously. Likewise a maize
homologue of the Arabidopsis leunig co-repressor™ [50] gene is
identified in the SAM-proper, as were three paralogs encoding
B3-domain®®* TFs. Developmental regulators of embryo and
meristem development, many B3-domain TFs are shown to
function via interaction with auxin or ABA signaling pathways
[51,52, and references therein]. In contrast, 7s2°, auxin response
Jactor2®* (af2), and multiple members of the yabhy® '* gene family
were identified in the PO/P1. RS2 represses knox gene expression
in developing leaves [6,7], whereas a7/2 accumulates in Arabidopsis
lateral organs [53] and maize yabby genes are transcribed in the PO
and leaf primordia (Figure 3B; [16,17,26].

Lastly, the largest single gene category identified in our
microarray analyses comprised genes of unknown predicted
function, which contained 142 genes upregulated in the SAM-
proper and 133 genes in the PO/P1 (Figure 2).

Expression of SAM Domain-Specific Paralogs Reveals
Gene Subfunctionalization

Distinct gene paralogs of the histone-methylating SET DO-
MAIN-encoding gene® > family are upregulated in the imme-
diately adjacent apical domains that comprise the PO/P1 and
SAM-proper. In addition, paralogs of six other maize gene families
including auxin response factor1®® °° (arf1), histone3°" °%, histone4®® °,
ubiquitin-conjugating enzyme E2" 7 , ADP-ribosylation ﬁwto;/ Secretion-
associated and Ras- related’ > 7* protein (ARF/ SAR), and the ubiquitin-
hgase subunit ¢ gene S-phase kinase-associated proteinl”™ "° (skp1) exhibit
preferential expression within the SAM-proper and the P0/P1,
and thus provide intriguing evidence for subfunctionalization of
these gene families within discrete functional zones of the maize

SAM.

Verification of Preferential Gene Expression via In Situ
Hybridization

Focusing on previously uncharacterized maize genes implicated
during leaf development, six genes upregulated in the PO/Plwere
subjected to in situ hybridization analyses in order to verify the
domain-specific transcript accumulation predicted from our
microarray data and identify novel patterns of gene expression.
In addition to the maize agol-like gene described in Figure 3A, five
genes whose functions are yet to be demonstrated in maize were
analyzed. These included a putative oligopeptide tmnfporter a yabby
gene drooping leafl'®, a predicted gmwt/z regulating factor®, a lipid-
transfer protein’®, and a D4-class cyclin®. In all cases the pattern of
transcript accumulation observed in the in situ hybridizations
correlated with the microarray data. Stronger signals were
observed in the SAM periphery, PO, and small leaf primordia as
compared to the SAM crown and center (Figure 3), which verified
the PO/P1l upregulated expression observed in our microarray
analyses.

@ PLoS Genetics | www.plosgenetics.org
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Cross-Reference Analyses of Leaf-Arrested Shoots:
Identification of Genes Functioning during Early Leaf
Initiation

Auxin transport is the earliest-demonstrated prerequisite to
KNOX downregulation and leaf initiation from the SAM flank;
disruption of auxin transport by the chemical inhibitor N-1-
naphthylphthalamic acid (NPA) leads to the arrest of lateral
organogenesis in plant shoots [54,4,5]. Therefore, NPA-induced
inhibition of leaf initiation provides a compelling experimental
system with which to monitor SAM gene expression during very
carly events in leaf development. Toward this end, 14-day-after-
germination seedling shoot apices were dissected to remove all
organs except the SAM and the six youngest leaf primordia and
placed in tissue culture with or without 30 mM NPA as described
[4]. As shown in Figure 4A-B, NPA-cultured SAMs became
greatly elongated but failed to initiate any new leaves, whereas
equivalent sibling apices generated 6-7 new leaf primordia in
NPA-free culture. After 14 days in culture, samples were processed
for SAM laser-microdissection mediated qRT-PCR analyses as
described [55]. Genes found to be upregulated during leaf
initiation but down-regulated during NPA-induced arrest of
organogenesis are especially implicated to function during early
stages of maize leaf development.

Transcript accumulation analyses were performed for nine
genes that were significantly upregulated in the PO/Pl in our
microarray analyses (Table S1). As shown in Figure 4D, qR'T-
PCR analyses revealed that transcripts of six of these nine genes
were also down-regulated in leaf-arrested apices, including a
second maize agol-like®® gene, a putative brassinosteroid response
Sactor™ gene, an E2 ubiquitin-conjugating-like’" paralog, the auxl"?
auxin transporter gene, a_yabby 15° gene, and the growth-regulating
factor®. One gene (a putative seven-in-absentia-like ubiquitin ligase™)
was weakly down-regulated in NPA-treated apices, whereas two
genes (a tetp-like®*  genc paralog and a maize AMP-dependent
synthetase™) were unchanged in NPA-treated versus untreated
shoots. Thus, six genes identified as upregulated in the PO/P1 are
downregulated in shoot apices that are arrested in leaf initiation.
We speculate that the three genes whose expression levels were
unchanged following NPA treatment may mark a domain within
the PZ that functions upstream or independent of auxin transport
during leaf initiation, since accumulation of some PZ markers has
been shown to persist in Arabidopsis pinl mutants and in tomato
apices treated with NPA [54]. Alternatively, these NPA-unaffected
genes may not be preferentially expressed during early leaf
Initiation.

Reverse Genetic Analysis Uncovers a Novel Gene
Function during Maize Development

The differential gene expression data presented in this study
identify genes implicated in SAM domain-specific functions during
maize shoot development. Validation of these predicted functions,
however, requires biochemical or genetic analyses. A reverse
genetic strategy was implemented (see Materials and Methods) to
investigate the function of a D4-class qyﬁlin25 gene that was
identified as upregulated in the leaf primordia, which we have
named asceapen! (ascl). In situ hybridization of seedling shoot
apices verified the PO/P1 upregulated asc expression observed in
the microarray analyses (Figure 3E). The asc/ gene contains six
exons (Figure 5A) and is located at position 39,743-41,597 of
contig 45 on maize chromosome 7. The 1068 bp open reading
frame is predicted to encode a protein of 355 amino acids, which
contains the canonical LxCxEx RETINOBLASTOMA-interac-
tion domain that is characteristic of D-CYCLINS (Figure 5B;Wang
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Figure 4. Gene expression in leaf-arrested SAMs. Maize shoot apices cultured in the absence (A) or in the presence of the auxin transport
inhibitor NPA (B) were laser microdissected (C) and used in qRT-PCR analyses of candidate genes to identify six genes (D) downregulated in NPA-
treated, leaf-arrested SAMs. Note the elongated, pin-shaped morphology of the NPA-treated SAM (B) that fails to initiate new leaf primordia.

doi:10.1371/journal.pgen.1000476.g004

et al., 2004). In addition, ASC1 contains the conserved amino
cyclin box and a CYCLIN recognition motif. Limited expression
profiles are described for four related maize D-¢yclins (including a
D2-cyclin, a D4-cyclin, and two D5-cyclins [56], although expression
within the vegetative SAM was not examined. No genetic analyses
of D-CYCLIN function have been performed previously in maize.

D-CYCLINS perform an evolutionarily conserved growth-
regulatory function to regulate progression through the G1 phase
of the cell cycle [57]. Genetic analyses in Arabidopsis suggest that D-
CYCLINS function as important regulators of asymmetric cell
division, a process that is critical to developmental differentiation
and has played a pivotal role in the evolution of multicellularity
[reviewed in 58,59]. Arabidopsis has 10 C1CD genes comprised of
six subgroups (CYCD1, CYCD2, CYCD4 (2 genes), CYCD3 (3 genes),
CYCD5, CYCD6, and CYCD7 [60]. Overexpression analyses
suggest that as a group, D-CYCLINS may regulate the
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developmental progression from cell proliferation to differentiation
[61,62,63]. Genetic analyses reveal redundant functions for the
three CYCD3 genes in Arabidopsis [64]. Single CYCD3 mutations
yield non-mutant phenotypes; triple mutations condition small yet
fertile plants with narrow leaves, a small SAM, and decreased
cytokinin response. CYCD4;1 is expressed in both shoot and root
apices, although CYCD42 is not detected in the SAM. Single
mutations in (YCD4;1 and CYCD4;2 render no macrophenotype,
although reduced numbers of anatomically normal stomata
develop in mutant hypocotyls [65].

A phylogenetic analysis was performed on the maize ASCI1
protein and thirteen additional plant D-CYCLINS for which
transcriptional analyses and/or genetic analyses are documented
[66,56,67], including four additional maize D-CYCLINS, ten
Arabidopsis D-CYCLINSs, and three D-CYCLINs from Antirrhinum
majus. Utllizing the D1-CYCLIN from the moss Physcomutrella patens
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Figure 5. Gene structure and phylogenetic analysis of asceapenT (asc7). (A) The maize leaf D4-cyclin (asc1) gene is comprised of six exons
(blue) and encodes a predicted ORF of 1068 base pairs. The locations of the insertion sites of Mu transposons (triangles) in asc1 mutant alleles are
indicated. (B) Predicted 355 amino acid sequence of ASCEAPIN1. Sequences in bold denotes the conserved RETINOBLASTOMA-interacting domain.
The underlined motif denotes the predicted CYCLIN BOX, and the sequences in bold italics correspond to the predicted CYCLIN recognition site.
(C) Neighbor Joining phylogenetic analysis of selected D-CYCLIN proteins from maize, Arabidopsis and Antirrhinum, using a D-CYCLIN from the moss
Physcomitrella patens as outgroup. Bootstrap values were obtained using 1000 replicates.

doi:10.1371/journal.pgen.1000476.9g005
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as an outgroup. ASC1 was placed on a well-supported clade
together with the D4-CYCLINS and D2-CYCLINS from
Arabidopsis (Figure 5C). All the other D-CYCLIN proteins were
placed on separate clades; the D3-CYCLINS from Arabidopsis and
Antirrhinum comprise a well-supported separate clade from ASCI.
Reverse genetic analyses of ascI were instigated in order to
investigate the function of this D4-CYCLIN in maize.

T2 seedlings were obtained from self-pollination of over 3,000
maize plants with Mutator (Mu) transposon activity, a maize
transposon with an unusually high forward mutation rate [68]. A
PCR-based reverse genetic strategy similar to previously published
protocols ([69,70]; see Materials and Methods) identified two
independently-segregating Mu-insertion alleles of the asc/ gene,
designated asc/-M1 and ascI-M2 (Figure 5). The ascI-M1 allele
harbors a Mu4 insertion in position 47 of the 129 bp intron 1,
whereas the predicted null asc/-MZ2 allele harbors a Mul at
position 31 of the 87 bp second exon (Figure 5A). RNA gel-blot
hybridization analyses reveal that asc] transcript accumulation is
greatly diminished in asc/-M1 homozygotes and is virtually absent
in ascI-MZ2 homozygous plants, relative to non-mutant siblings
(Figure S1).

F2 progeny of plants heterozygous for asc/-M1 or asc1-M2 each
segregate for short, infertile plants with very narrow leaves
(Figure 6A-B). These mutant phenotypes co-segregate with
homozygosity for asc/ mutations, and interallelic crosses of plants
heterozygous for ascl-MI and ascI-M2 fail to complement
(Figure 6N). No female inflorescences (ears) are observed in
homozygous asc/ mutant plants, and male inflorescences form only
rudimentary tassels with sterile branches and no floral morpho-
genesis (Figure 6B-D). Histological examinations of ascl mutant
secedlings reveal extremely narrow leaves and small vascular
bundles with reduced numbers of xylem and phloem vessels, as
well as reduced SAM size (Figure 6E-]). Both mutant alleles
conditioned equivalent phenotypes, although the range of
phenotypes 1s more severe in plants homozygous for the exon-
msertion allele ascl-M2.

Especially striking are the effects of asc/ mutations on stomatal
patterning and anatomy. Comprised of two subsidiary cells that
surround and appress two smaller guard cells, interspaced stomatal
complexes are formed via a series of ordered, asymmetric cell
divisions in the leaf epidermis(Figure 6K; reviewed in [71]).
Analyses of the ascl mutant leaf epidermis reveal irregular
stomatal patterning (Figure 6L-N). Two mutant stomatal
complexes often form immediately adjacent to one another, a
pattern not observed in non-mutant leaves. Other abnormalities
include enlarged, distorted, and supernumery subsidiary cells and
guard cells, which often develop immediately adjacent to
completely normal stomatal complexes.

Discussion

A Unique Expression Database and a Platform for Future
Analyses of SAM Function

Novel transcriptomic comparison of the functionally distinct
microdomains within the maize SAM are presented, an analysis
that was enabled by the relatively large size (~120 pum) of the
maize SAM as compared to Arabidopsis. The differential expression
of 275 unknown genes within a particular SAM domain thereby
provides a first suggestion of their potential function. Moreover,
the documentation of seven instances wherein gene paralogues
exhibited subfunctionalized preferential expression within distinct
SAM microdomains provides insight into the evolution of specific
gene families in maize. The entirety of this unique expression
database is publicly available (http://sam.truman.edu/geneva/
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geneva.cgi) and represents a starting point for subsequent reverse
genetic analyses of SAM function in maize. In addition, these
genomic analyses are likely to uncover genes whose functions that
are not amenable to traditional genetic analyses, owing to the
embryo/seedling lethality that may result from mutations in genes
required for early events in SAM ontogeny and/or leaf initiation.

SAM Domains Exhibit Distinct Transcriptional Profiles
That Correlate with Their Function

Genes whose SAM domain-specific expression are previously
described in maize or Arabidopsis (Table 1) served as experimental
controls for the analyses presented here, and attest to the power
and precision of laser-microdissection for analysis of transcript
accumulation within plant microdomains. Three distinct paralogs
of agol**™* are identified, each of which was upregulated in the
PO/PL. Arabidopsis contains two agol-like genes, one of which
(pnhl/zUl1) is preferentially expressed in leaf primordia whereas the
other (agol) is evenly expressed throughout the SAM and young
leaves [39-45]. Although the extreme amino acid conservation
observed in PNHI1 and AGOI1 precludes the identification of
specific maize orthologues from homology alone, i situ hybrid-
ization analysis verified the leaf-preferential expression of one
maize ago gene (Figure 3A) whereas a separate ago/ paralog was
downregulated in NPA-treated apices that are arrested in leaf
mitiation (Figure 4D). Our results are analogous to the reported
leaf-upregulated expression of the rice pinhead/zwille orthologue
OsPNH1 [72]. We speculate that maize co-orthologs whose
expression domains mirror that of the Arabidopsis agol gene would
not be identified in our microarray analyses, owing to the relatively
equivalent transcript accumulation in the SAM-proper and PO/
Pldomains. In support of this hypothesis, the SAMI.1 and
SAMS3.0 gene chips contain additional ago! co-orthologs that were
not detected as differentially expressed in this analysis. It appears
likely that as in Arabidopsis, the maize agol gene family has
expanded and paralogs became subfunctionalized to perform
specialized tasks during leaf development and/or shoot meristem
maintenance. Plant miRNAs are described that function in the
ARGONAUTE]I-directed regulation of leaf initiation and polar-
ity, including miR166, and miR156 (reviewed in [73,74]).
Although these regulatory RNAs and/or their mRNA precursors
are detected in both the SAM-proper and the initiating leaves of
maize, mature microRNAs preferentially accumulate in the PO
and leaf primordia [75], which may be functionally correlated with
the differential expression of one or more of the ago/-co-orthologs
identified herein.

We speculate that the SAM-upregulated expression of a maize
ago4-like® gene, predicted to function during regulation of siRNA-
induced gene silencing and maintenance of DNA methylation
[46,47], may be elicited in response to the pronounced upregula-
tion of retrotransposon transcription that is observed in the maize
SAM [25]. Moreover, six genes predicted to function during DNA
repair are upregulated in the SAM-proper versus just two in the
P0O/P1 (Figure 2), which may reflect selective pressures to maintain
a mutation-free DNA template in the indeterminate, stem cell
population of the meristem. Ultimately, the SAM is the source of
all the somatic cells comprising the plant shoot, as well as the
germinal cells within floral organs. While DNA repair is certainly
occurring in the P0/P1, spontaneous mutations in the DNA of
sterile, determinate leaf primordia may be subjected to weaker
selective pressure as compared to the SAM.

Of the 66 protein fate genes upregulated in our microarray
analyses, 42 were identified in the SAM-proper (Figure 2).
Although ubiquitination and additional mechanisms of proteolysis
are widespread throughout plant tissues, these data suggest the

May 2009 | Volume 5 | Issue 5 | 1000476



SAM Functional Domains

Figure 6. Developmental phenotypes of asc1 mutants. (A) Leaves of non-mutant maize leaves are much wider than the (B) narrow leaves
formed on the short plants of asc1-2 mutants. The male inflorescence (tassel) of asc1-2 mutants form small, sterile branches devoid of florets (C),
whereas non-mutant tassels are larger, and the numerous branches form multiple, pollen-bearing florets (D). Longitudinal sections of the shoot apex
of (E) non-mutant and (F) asc1-2 mutant seedlings reveal a greatly reduced SAM size in the mutant apex. Transverse sections reveal the narrow leaf
asc1l mutant phenotype. Note that the margins (white arrow) of the fourth numbered leaf completely overlap the shoot apex in non-mutant
seedlings (G), but are severely truncated in the asc1-1 mutant (H). Development of leaf vascular bundles is also disrupted in asc1 mutant seedlings.
The number and size of the xylem (x) and phloem (p) elements in the midvein of the sixth non-mutant leaf (I) are diminished in equivalent leaves of
asc1-1 mutant seedlings (J). As compared to non-mutant siblings (K), major defects in stomatal (arrows) patterning and spacing are observed in the
leaf epidermis of asc1-1 mutants (L), asc1-2 mutants (M), and in mutant progeny obtained from crosses between asc7-M1 and asc1-M2 heterozygotes,
which fail to complement.

doi:10.1371/journal.pgen.1000476.9g006

particular importance of these proteolytic pathways during SAM proteases, CLP proteases, aspartic proteases and various SUMO

function. Previous studies in Arabidopsis and rice revealed that 26S
proteaosome-dependent proteolysis is required for shoot meristem
maintenance and identity [76-79]. Our data suggest that 26S
proteaosome-dependent proteolysis is also important during the
function of the maize SAM, and likewise implicates ubiquitin-
related proteases, serine carboxy peptidases, OTU-like cysteine
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proteins during SAM function (Table S1).

Multiple categories of gene function are identified as upregu-
lated during leaf initiation (Figure 2). Genes involved in cell wall
biosynthesis and cell division/growth are logically co-regulated,
and both gene categories are significantly upregulated in the PO/
P1. Although it is true that cell division is absolutely required in
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the CZ of the SAM in order to replace cells lost during
organogenesis and to maintain the meristematic stem cell
population, live imaging in Arabidopsis has shown that mitotic
activity in the PZ during leaf initiation is more expansive and
proceeds at a faster rate than in the SAM proper [80]. Therefore,
our array data are in agreement with both classical (reviewed in
[81]) and recent descriptions of differential cell division rates
within SAM functional zones. Although the maize yabby-likd®*°
genes upregulated in the PO/Plwere placed in the separate GO
category of transcription, the YABBYs are likewise presumed to
function during expansive organ growth [17,26,82].

A maize homolog (Zn-gif1°) of a family of transcription factors
that regulate cell expansion in Arabidopsis leaves and cotyledons
[30] was also identified in the PO/P1 dataset (Table 1). Bioinfor-
matic analyses reveal that gif/ homologs in Arabidopsis and rice
have complementary target sites for miR396, a relatively rare
small RNA that is either expressed at very low levels or in a limited
number of cells/tissues [83]. Zm-grf] is expressed in the SAM
periphery (Figure 3D) and leaf primordia and is downregulated in
leaf-arrested SAMs (Figure 4), implicating a function very early in
maize leaf development. Jm-gifl also harbors the conserved
miR396 recognition motif, and thus represents an intriguing
candidate gene for reverse genetic analyses of microRNA-
regulated leaf development. The gif genes function redundantly
in Arabidopsis [30] and at least eight grf/sequence paralogues are
present in maize, suggesting that reverse genetic analyses utilizing
RNAIi approaches or miR396-resistant transgenes may be more
informative than characterization of {m-grfI knockout alleles.

Nearly three times as many gene elements involved in
chromatin structure and remodeling were upregulated in the
PO/P1 as in the SAM-proper (45 versus 16). These data may
reflect the fundamental and widespread changes in chromatin that
are predicted to accompany the switch from meristematic to leaf
developmental programs. Alterations in chromatin structure are
inherent when changing from the propagation of an extant
developmental state (i.e. the SAM) to the installation of a new
developmental program (i.e. leaf initiation), and may be further
enhanced during the transition from an indeterminate to a
determinate developmental field.

Reverse Genetic Analyses Reveal Differences in the
Evolution of the D-cyclin Gene Family in Maize and
Arabidopsis

Previously uncharacterized in maize, the asc/ gene was selected
for reverse genetic analysis because our microarray and in situ
hybridization analyses revealed significantly upregulated expres-
sion in leaf primordia (Table S1; Figure 3F). Moreover, the related
genes <m-cycD4 and {m-cyeD2 are also contained on the SAM 3.0
gene chip used in these assays, although neither gene was
identified as differentially-expressed. This failure to detect
redundant, differential expression of D4-CYCLIN paralogs in
the maize SAM suggested that potential mutant phenotypes
conferred by asc/ mutations may not be masked by paralogous
gene functions.

As shown in Figure 6, single mutations in asc/ condition infertile
plants with extreme reductions in leaf width and plant height.
Interestingly, these mutant phenotypes are more widespread and
severe than those observed in Arabidopsis triple mutant plants
homoyzygous for mutations in each of three D3-cyclin paralogs
[64], which are phylogenetically distinct from the CD4/CD2
cyclins (Figure 5C). In addition, whereas mutations in each of the
paralogous D4-¢yclin Arabidopsis genes condition mild reductions in
hypocotyl stomatal number [65], solo ascl mutants exhibit
profound abnormalities in leaf stomatal patterning (Figure 6).
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These ascl mutant phenotypes suggest that ASC1 is required for
normal maize leaf development, and that subfunctionalization of
D-¢yclin gene function has proceeded quite differently within the
maize and Arabidopsis lineages. These data further demonstrate
that laser microdissection-microarray analysis is a tractable
approach toward the identification of important gene functions
within adjacent yet distinct microdomains during maize shoot
development.

Materials and Methods

Plant Materials

Seedlings of the maize inbred B73 were raised in a growth
chamber on a 15 hr light cycle. Samples were incubated at 25°C
during the light cycle and 20°C during the dark cycle. Seedlings
were harvested for dissection and fixation at 14 days after
germination.

For use in shoot-apex culture, maize shoot apices were hand-
dissected from 14-day-old seedlings to remove all except the four
youngest leaf primordia as described [4]. Dissected apices were
cultured on maize culture medium (MCM; described in [4])
containing 30 mol N-1-naphthylphthalamic acid (NPA) dissolved
in DMF, or in maize tissue culture media containing equal
amounts of DMF but no NPA. Apices were incubated for 14 days
on a 14 hour light cycle at 28°C (light period) or 24°C (dark
period).

Genetic Analyses

EST clone AW067338 was used to identify maize core gene
AC196112.3_FG024 located at location 39,743-41,597 of contig
45 on chromosome 7 (Maize Genome Browser; http://www.
maizesequence.org/index.html). As the second D4 c¢yclin gene
characterized in maize, this locus was named leaf cyclinD42 (ascl).
For reverse genetic analyses of asc/, DNA samples were prepared
from pooled F2 seedling progeny obtained via self-pollination of
3,456 Il plants containing active Mutator (Mu) transposon systems
and subjected to PCR-based screens using nested asc/ gene-
specific primers (lcd-CTTGCATCCTCCACTTGAGC and led2-
AGCAGCTGTGTCATCCAAGC) and a Mu specific primer
(MuTIR-AGAGAAGCCAACGCCAWCGCCTCYATTTCGTC).
To rule out false-positive results derived from multiple Mu insertions,
control reactions were performed with the Mu primer only. PCR
reactions with specific products only from the nested PCR
amplifications were sequenced to verify the Mutator transposon
insertion. Sibling seed from PCR-positive families were planted in a
corn nursery in Aurora, NY, screened for developmental phenotypes
and outcrossed for two generations to inbred B73. Interallelic crosses
of plants heterozygous for independent AMu-insertion alleles of asc/
failed to complement, indicating the mutant phenotype observed in
I2 progeny of self-pollinated plants harboring asc/-Mu insertion
alleles are due to mutations in asc.

Phylogenetic Analyses

Alignments were performed on protein sequences translated
from ten Arabidopsis proteins AtCYCD1;1 (NM105689), AtCYCD2;1
(NM127815), AtCYCD3;1 (NM119579); AtCYCD3;2 (NM126126),
AtCYCD3;3 (NM114867), AtCYCD4;1 (NM125940), AtCYCD4;2
(NM121082), AtCYCD5;1 (NM119926), AtCYCD6;1 (NM116565),
AtCYCD7;1 (NM120289), a D1-CYCLIN from Physcomutrella patens
(CAD32542), three CYCLINS from Anturfunum majus including
AmCYCD1 (AJ250396), AmCYCD3a (AJ250397) and AmCYCD3b
(AJ250398), ASC1 and the maize CYCLINS ZmCYC2;l
(AF351189), ZmCYC4;1 (AF351191), ZmCYCDb5;1 (AF351190)
and ZmCYCD5;2 (AY954514). Sequences were aligned using
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CLUSTALX 2.0.4, and cladograms were generated with PAUP 4.0
using the Maximum Parsimony method and after treating gaps in the
alignment as missing data. Equivalent cladograms were generated
using the Neighbor Joining method and without removing gaps;
bootstrapping values were calculated for 1,000 replicates.

Histological Analyses

Maize seedlings harvested at 14 days after germination were
fixed in FAA, paraffin-embedded, sectioned at 10 um, and stained
in either Toluidine Blue O or Safranin-Fast Green using
Johanssen’s method as described [84]. Immunohistochemical
analyses of KNOX protein accumulation were performed as
described [13]. Epidermal images were obtained using cyanoac-
rylate glue surface impressions as described [85]. All micrographs
were imaged on a Zeiss Z1-Apotome microscope (Thornwood,

NY).

Laser Microdissection/RNA Extractions of SAM Domains
Seedling shoots were fixed by incubating in acetone, paraffin-
embedded as described and sectioned at 10 wm as described
[25,26]. All laser-microdissections were performed using a P. A. L.
M. Laser Microbeam (P.A.L.M. Microlaser Technologies, Bern-
ried, Germany). SAM tissue domains were captured from 5-10
sections per sample, comprised of 0.3 mm®-2 mm? of tissue. Six
biological replicate samples were obtained. RNA was isolated from
laser-microdissected tissue as described [25,26]; RNA amplifica-
tions were performed using the RiboAmp™ HS kit (Arcturus,
Mountainview, CA) according to the manufacturers protocol.

Microarray Hybridizations and Analyses

The SAM cDNA-enriched SAMI1.1 and SAM3 microarrays
used in these experiments were as described [26]. The MIAME
guidelines utilized, hybridization protocols, and array scanning
procedure were as described [25,26]. All microarray data are
available at Gene Expression Omnibus (GEO; http://www.ncbi.
nlm.nih.gov/geo). Six biological replicate array hybridizations
were performed. One of the six SAM1.1 slides was excluded from
analysis due to poor hybridization quality and areas of very high
background. Data from the other 11 slides were normalized within
slides using loess normalization and across slides within each
platform wusing scale normalization [86]. The limmaGUI R
package [87] was used to conduct a linear model analysis for
each gene following described methods [88]. The method of
Benjamini and Hochberg [89] was used to estimate the false
discovery rate associated with the identified sets of differentially
expressed genes. Annotations of the predicted GO functions for all
differentially expressed genes were performed as described [27];
annotated data is presented at SAM-The Maize Shoot Apical
Meristem Project (http://sam.truman.edu/geneva/geneva.cgi).

EST sequences of the 1,312 microarray elements that were
found to be differentially-expressed in the P0/P1 and SAM
datasets were sorted by BLAST homology analyses to the contigs
sequenced maize genomic DNA (i.e. maize contigs) in order to
convert array elements (ESTs) into maize gene contig (MGC)
groups. For multiple ESTs that hit a single MGC, the EST list was
collapsed under the single MGC identity, and mean and standard
error of mean (sem) were calculated for P-values and fold change
of those EST's. Sample size (n) value for mean and sem calculations
1s represented by the number of ESTs for a single MGC group.
Multiple ESTs linked to a single MGC group were searched in
both PO/P1 and SAM datasets to detect potential dual hits; such
MGC groups containing PO/P1- and SAM-specific ESTs were
removed from the dataset. To this end, 10 MGC groups
representing 20 PO/P1- and 9 SAM-specific ESTs were removed.
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In some cases, a MGC could not be assigned for an EST, as
indicated by the identifier ‘contig:NONE’. In other cases, single or
multiple ESTs hit multiple MGCs (Table S1).

A test based on the binomial distribution was used to identify
functional categories for which the discrepancy between the
number of genes upregulated in SAM and the number
upregulated in PO/P1 was significant. Conditioning on n = total
number of genes identified in a given category, the null hypothesis
that the proportion of genes upregulated in SAM was equal to 1/2
was tested against the alternative that the proportion was not 1/2.
A p-value was obtained by comparing the observed number of
genes upregulated in SAM to a binomial distribution with n trials
and success probability 1/2. For example, given that 34 genes
predicted to function in RNA binding were identified as
differentially expressed, the probability that only 9 of these 34
would be up in SAM relative to PO/P1 is approximately 0.0045
according to a binomial distribution with 34 trials and success
probability 1/2.  This yields a two-sided p-value of
2%0.0045=0.009 and suggests that discrepancy (9 up in SAM
vs. 25 up in PO/P1) cannot easily be explained by a simple chance
mechanism.

Transcript Analyses

gRT-PCR analyses of NPA-treated and untreated shoot apices
(described in Plant Materials, above) were performed on cDNA
prepared from tissue-cultured/laser-microdissected SAMs as
described [55]. Analyses utilized three technical replications
performed on pooled cDNA prepared from ten microdissected
SAMs. Gene-specific primer pairs used in these analyses were as
follows: AI855049 (5'-CAGAATCATCACCTACACCT-3 and
5'-GAGTAGTAGAAGATTGCTGTGAG-3"); DN220821(5'-
GCTAATGAGCATAGTATGCC-3" and 5'-CTGCTCATTAC-
CATGTCCTG-3"); CD527823 (5'-TCCGTCTTGTACATGT-
GAG-3' and 5'-TCTCGACATTCTTAAGGAGC-3'); CD670-
256 (5'-GGTCTCTAAAGTCACTGAAACC-3" and 5'-GAGC-
TGATCCCTTAGTTAAGTC-3"); BG840831 (5'-GATCAAAT-
CATAGACCTAGAGTCC-3" and 5-ATTGGTGTAGTT-
TCCTAGCTG-3'); AY313902 (5° CCTCAAGAAGACCTT-
CAAGAC-3 and 5-TTATTAGAATGGAGTGATGCCC-3");
CB380920 (5'-TCACCGTCAGAATTTACGTC-3" and 5'-
GCATAAACAACCACTGAACC-3"); CA998660 (5'- TTGA-
ACTCATCCGCTTTCTC-3" and 5'-TTGACACATTCCGTC-
TACAG-3"); BM073971 (5'-CCTCAAGGCATTCAGATCTC-
3" and 5'-AGATGATGTCTTCCTGTCGT-3").

Fourteen-day-after-germination maize B73 seedlings were
processed for in situ hybridization as described [90] with
modifications [91]. Gene-specific probes were synthesized from
the cDNA clones DN229322, BM073398, CB381076. BG840831,
AWO067338. For each gene-specific probe analyzed, at least six
replicate samples were hybridized.

For use in RINA gel-blot hybridizations, total RNA was
extracted from 14-day seedlings using the Trizol lysis method
and prepared for Northern transfer as described [92]. The gene-
specific asc! probe was prepared from genomic DNA using the
primer pair 5’-CGGTTTCCTGGAGTCTGAGG-3" and 5'-
CTTGCATCCTCCACTTGAGC-3', which amplifies a 776 bp

fragment spanning exons 1-4 (Figure 5A).

Supporting Information

Figure S1 Transcript analyses of asc/ mutant alleles.
Found at: doi:10.1371/journal.pgen.1000476.s001 (1.56 MB TTF)

Table S1 Genes differentially expressed in SAM functional
domains.
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Found at: doi:10.1371/journal.pgen.1000476.s002 (0.23 MB
XLS)
Dataset S1 Accession numbers of maize genes cited as super-

scripted numerals in this manuscript.

Found at: doi:10.1371/journal.pgen.1000476.s003 (0.04 MB
DOC)
Acknowledgments

We thank Christa Manton, Eneda Hoxha, and Zhian Kamvar for
assistance in data annotation, and Jon Beck for maintenance of the Maze

References

1. Wollff C (1759) Theoria Generationis, Halae ad Salam, Litteris Hendelianis.

2. Smith LG, Greene B, Veit B, Hake S (1992) A dominant mutation in the maize
homeobox gene, Knotted-1, causes its ectopic expression in leaf cells with altered
fates. Development 116: 21-30.

3. Vollbrecht E, Reiser L, Hake S (2000) Shoot meristem size is dependent on
inbred background and presence of the maize homeobox gene, knotted].
Development 127: 3161-3172.

4. Scanlon MJ (2003) The polar auxin transport inhibitor N-1-naphthylphthalamic
acid disrupts leaf initiation, KNOX protein regulation, and formation of leaf
margins in maize. Plant Physiol 133: 597-605.

5. Hay A, Barkoulas M, Tsiantis M (2006) ASYMMETRIC LEAVESI and auxin
activities converge to repress BREVIPEDICELLUS expression and promote leaf
development in Arabidopsis. Development 133: 3955-3961.

6. Timmermans MC, Hudson A, Becraft PW, Nelson T (1999) ROUGH
SHEATH2: a Myb protein that represses knox homeobox genes in maize
lateral organ primordia. Science 284: 151-153.

7. Tsiantis M, Schneeberger R, Golz JF, Freeling M, Langdale JA (1999) The
maize rough sheath?2 gene and leaf development programs in monocot and dicot
plants. Science 284: 154-156.

8. Jackson D, Hake S (1999) Control of phyllotaxy in maize by the abphyll gene.
Development 126: 315-323.

9. Giulini A, Wang J, Jackson D (2004) Control of phyllotaxy by the cytokinin-

inducible response regulator homologue ABPHYLI. Nature 430: 1031-1034.

. Pocthig RS (1984) Cellular parameters of leaf morphogenesis in maize and
tobacco. In: White RA, Dickison WC, eds. Contemporary Problems in Plant
Anatomy Academic Press. pp 235-258.

11. Veit B, Briggs SP, Schmidt R]J, Yanofsky MF, Hake S (1998) Regulation of leaf

initiation by the terminal ear 1 gene of maize. Nature 393: 166-168.12.

Schneeberger R, Tsiantis M, Freeling M, Langdale JA (1998) The rough sheath2

gene negatively regulates homeobox gene expression during maize leaf

development. Development 125: 2857-2865.

Scanlon MJ, Henderson DC, Bernstein B (2002) SEMAPHORE! functions

during the regulation of ancestrally duplicated knox genes and polar auxin

transport in maize. Development 129: 2663-2673.

Scanlon M]J, Schneeberger RG, Freeling M (1996) The maize mutant narrow

sheath fails to establish leaf margin identity in a meristematic domain.

Development 122: 1683-1691.

15. Henderson DC, Muehlbauer GJ, Scanlon MJ (2005) Radial leaves of the
maize mutant ragged seedling2 retain dorsiventral anatomy. Dev Biol 282:
455-466.

. Hay A, Hake S (2004) The dominant mutant Wavy auricle in bladel disrupts
patterning in a lateral domain of the maize leaf. Plant Physiol 135: 300-308.

. Juarez MT, Kui JS, Thomas J, Heller BA, Timmermans MC (2004) microRNA-
mediated repression of rolled leafl specifies maize leaf polarity. Nature 428:
84-88.

. Timmermans MCP, Schultes NP, Jankovsky JP, Nelson T (1998) Leafbladeless! is
required for dorsoventrality of lateral organs in maize. Development 125:
2813-2823.

. Candela H, Johnston R, Gerhold A, Foster T, Hake S (2008) The milkweed

podl gene encodes a KANADI protein that is required for abaxial/adaxial

patterning in maize leaves. Plant Cell 20: 2073-2087.

Irish VF, Sussex IM (1992) A fate map of the Arabidopsis embryonic shoot

apical meristem. Development 115: 745-753.

Nelson T, Tausta SL, Gandotra N, Liu T (2006) Laser microdissection of plant

tissue: what you see is what you get. Annu Rev Plant Biol 57: 181-201.

Nakazono M, Qiu F, Borsuk LA, Schnable PS (2003) Laser-capture

microdissection, a tool for the global analysis of gene expression in specific

plant cell types: Identification of genes expressed differentially in epidermal cells

or vascular tissues of maize. Plant Cell 15: 583-596.

Casson S, Spencer M, Walker K, Lindsey K (2005) Laser capture

microdissection for the analysis of gene expression during embryogenesis of

Arabidopsis. Plant J 42: 111-123.

Woll K, Borsuk LA, Stransky H, Nettleton D, Schnable PS, Hochholdinger F

(2005) Isolation, characterization, and pericycle-specific transcriptome analyses

of the novel maize lateral and seminal root initiation mutant ruml. Plant

Physiology 139: 1255-1267.

20.
21.

22.

23.

24.

@ PLoS Genetics | www.plosgenetics.org

13

SAM Functional Domains

Shoot Apical Meristem Project database. We thank John Woodward for the
image shown in Figure 1A.

Author Contributions

Conceived and designed the experiments: TP DJB BB MCPT PSS DN
MJS. Performed the experiments: LB JS XZ KO AS RJE DE DW MJS.
Analyzed the data: JS XZ RJE DE TP DJB BB MCPT PSS DN MJS.
Contributed reagents/materials/analysis tools: RZ SH PSS. Wrote the
paper: MJS.

5. Ohtsu K, Smith MB, Emrich SJ, Borsuk LA, Zhou RL, Chen TL, Zhang XL,
Timmermans MCP, Beck J, Buckner B, Janick-Buckner D, Nettleton D,
Scanlon MJ, Schnable PS (2007) Global gene expression analysis of the shoot
apical meristem of maize (Zea mays L.). Plant Journal 52: 391-404.

Zhang X, Madi S, Borsuk L, Nettleton D, Elshire RJ, Buckner B, Janick-

Buckner D, Beck J, Timmermans M, Schnable PS, Scanlon MJ (2007) Laser

microdissection of narrow sheath mutant maize uncovers novel gene expression

in the shoot apical meristem. Plos Genetics 3: 1040-1052.

Buckner B, Beck J, Browning K, Fritz A, Grantham L, Hoxha E, Kamvar Z,

Lough A, Nikolova O, Schnable PS, Scanlon M]J, Janick-Buckner D (2007)

Involving undergraduates in the annotation and analysis of global gene

expression studies: creation of a maize shoot apical meristem expression

database. Genetics 176: 741-747.

Nogueira FT, Madi S, Chitwood DH, Juarez MT, Timmermans MC (2007)

Two small regulatory RNAs establish opposing fates of a developmental axis.

Genes Dev 21: 750-755.

Schrick K, Mayer U, Horrichs A, Kuhnt C, Bellini C, Dangl J, Schmidt J,

Jiirgens G (2000) FACKEL is a sterol C-14 reductase required for organized cell

division and expansion in Arabidopsis embryogenesis. Genes Dev 14:

1471-1484.

. Kim JH, Choi D, Kende H (2003) The AtGRF family of putative transcription

factors is involved in leaf and cotyledon growth in Arabidopsis. Plant J 36:

94-104.

Schuetz M, Berleth T, Mattsson ] (2008) Multiple MONOPTEROS-dependent

pathways are involved in leaf initiation. Plant Physiol 148: 870-880.

Carraro N, Forestan C, Canova S, Traas J, Varotto S (2006) ZmPINla and

ZmPIN1b encode two novel putative candidates for polar auxin transport and

plant architecture determination of maize. Plant Physiol 142: 254-264.

. Reinhardt D, Pescem ER, Stieger P, Mandel T, Baltensperger K, Bennett M,
Traas J, Friml J, Kuhlemeier C (2003) Regulation of phyllotaxis by polar auxin
transport. Nature 426: 255-260.

. Wu Y, Meeley RB, Cosgrove DJ (2001) Analysis and expression of the alpha-
expansin and beta-expansin gene families in maize. Plant Physiol 126: 222-232.

. Keller E, Cosgrove DJ (1995) Expansins in growing tomato leaves. Plant J 8:

795-802.

Hsu YC, Chern JJ, Cai Y, Liu M, Choi KW (2007) Drosophila TCTP is

essential for growth and proliferation through regulation of dRheb GTPase.

Nature 445: 785-788.

Berkowitz O, Jost R, Pollmann S, Masle J (2008) Characterization of TC'TP, the

Translationally Controlled Tumor Protein, from Arabidopsis thaliana. Plant

Cell;2008 Dec 5. [Epub ahead of print].

Baumberger N, Baulcombe DC (2005) Arabidopsis ARGONAUTEL is an RNA

Slicer that selectively recruits microRNAs and short interfering RNAs. Proc Natl

Acad Sci U S 102: 11928-11933.40. Newman, K.L., Fernandez, A.G., and

Barton, M.K. (2002). Regulation of axis determinacy by the Arabidopsis

PINHEAD gene. Plant Cell. 14: 3029-3042.

Bohmert K, Camus I, Bellini C, Bouchez D, Caboche M, Benning C (1998)

AGOI defines a novel locus of Arabidopsis controlling leaf development. EMBO

J 17: 170-180.

Vaucheret H, Vazquez F, Crété P, Bartel DP (2004) The action of

ARGONAUTEI in the miRNA pathway and its regulation by the miRNA

pathway are crucial for plant development. Genes Dev 15: 1187-1197.

Kidner CA, Martienssen RA (2004) Spatially restricted microRNA directs leaf

polarity through ARGONAUTEI. Nature 428: 81-84.

Kidner CA, Martienssen RA (2005) The role of ARGONAUTEI (AGOI) in

meristem formation and identity. Dev Biol 280: 504-517.

. Moussian B, Schoof H, Haecker A, Jurgens G, Laux T (1998) Role of the
ZWILLE gene in the regulation of central shoot meristem cell fate during
Arabidopsis embryogenesis. EMBO J 17: 1799-1809.

. Lynn K, Fernandez A, Aida M, Sedbrook J, Tasaka M, Masson P, Barton MK
(1999) The PINHEAD/ZWILLE gene acts pleiotropically in Arabidopsis
development and has overlapping functions with the ARGONAUTEI] gene.
Development 126: 469-481.

. Moussian B, Haecker A, Laux T (2003) ZWILLE buffers meristem stability in
Arabidopsis thaliana. Dev Genes Evol 213: 534-540.

26.

27.

28.

29.

31.

32.

36.
37.

38.

39.

40.

41.

42.

May 2009 | Volume 5 | Issue 5 | e1000476



46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

Zilberman D, Cao X, Jacobsen SE (2003) ARGONAUTE4 control of locus-
specific siRNA accumulation and DNA and histone methylation. Science 299:
716-719.

Chan SW, Zilberman D, Xie Z, Johansen LK, Carrington JC, Jacobsen SE
(2004) RNA silencing genes control de novo DNA methylation. Science 300:
1336.

Mockler TC, Yu X, Shalitin D, Parikh D, Michael TP, Liou J, Huang J, Smith Z,
Alonso JM, Ecker JR, Chory J, Lin C (2004) Regulation of flowering time in
Arabidopsis by K homology domain proteins. Proc Natl Acad Sci USA 101:
12759-12764.

Foster T, Yamaguchi J, Wong BC, Veit B, Hake S (1999) Gnarleyl is a
dominant mutation in the knox4 homeobox gene affecting cell shape and
identity. Plant Cell 11: 1239-1252.

Conner J, Liu Z (2000) LEUNIG, a putative transcriptional corepressor that
regulates AGAMOUS expression during flower development. Proc Natl Acad
Sci U S A 97: 12902-12907.

Stone SL, Braybrook SA, Paula SL, Kwong LW, Meuser ], Pelletier J, Hsieh TF,
Fischer RL, Goldberg RB, Harada JJ (2008) Arabidopsis LEAFY COTYLE-
DON2 induces maturation traits and auxin activity: Implications for somatic
embryogenesis. Proc Natl Acad Sci U S A 105: 3151-3156.

Suzuki M, Latshaw S, Sato Y, Settles AM, Koch KE, Hannah LC, Kojima M,
Sakakibara H, McCarty DR (2008) The maize Viviparous8 locus, encoding a
putative AMP1-like peptidase, regulates ABA accumulation and coordinates
embryo and endosperm development. Plant Physiol 146: 1193-1206.
Okushima Y, Mitina I, Quach HL, Theologis A (2004) AUXIN RESPONSE
FACTOR 2 (ARF?2): a pleiotropic developmental regulator. The Plant Journal
43: 29-46.

Reinhardt D, Mandel T, Kuhlemeier C (2000) Auxin regulates the initiation and
radial position of plant lateral organs. Plant Cell 12: 507-518.

. Henderson DC, Zhang X, Brooks L, Scanlon M]J (2006) RAGGED

SEEDLING?2 Shares Overlapping Functions with LEAF BLADELESS1 and
is Required for Normal Transcript Accumulation in the Maize Shoot Apex.
Genesis: J of Genetics and Development 44: 372-382.

Quiroz-Figueroa F, Vazquez-Ramos JM (2006) Expression of maize D-type
cyclins: comparison, regulation by phytohormones during seed germination and
description of a new D cyclin. Physiologia Plantarum 128: 556-568.

Sherr CJ, Roberts JM (1999) CDK inhibitors: positive and negative regulators of
G1l-phase progression. Genes Dev 13: 1501-1512.

Tilmann C, Kimble J (2005) Cyclin D regulation of a sexually dimorphic
asymmetric cell division. Dev Cell 9: 489-499.

Menges M, Murray JA (2008) Plant D-type cyclins: structure, roles and
functions. SEB Exp Biol Ser 59: 1-28.

Wang G, Kong H, Sun Y, Zhang X, Zhang W, Altman N, DePamphilis CW,
Ma H (2004) Genome-wide analysis of the cyclin family in Arabidopsis and
comparative phylogenetic analysis of plant cyclin-like proteins. Plant Physiol
135: 1084-1099.

Cockroft CE, den Boer BG, Healy JMS, Murray JAH (2000) Cyclin D control of
growth rate in plants. Nature 405: 575-579.

Menges M, Samland AK, Planchais S, Murray JA (2006) The D-type cyclin
CYCD3;1 is limiting for the G1-to-S-phase transition in Arabidopsis. Plant Cell
18: 893-906.

Dewitte W, Riou-Khamlichi C, Scofield S, Healy JM, Jacqmard A, Kilby NJ,
Murray JA (2003) Altered cell cycle distribution, hyperplasia, and inhibited
differentiation in Arabidopsis caused by the D-type cyclin CYCD3. Plant Cell
15: 79-92.

Dewitte W, Scofield S, Alcasabas AA, Maughan SC, Menges M, Braun N,
Collins C, Nieuwland J, Prinsen E, Sundaresan V, Murray JA (2007)
Arabidopsis CYCD3 D-type cyclins link cell proliferation and endocycles and
are rate-limiting for cytokinin responses. Proc Natl Acad Sci U S A 104:
14537-14542.

. Kono A, Umeda-Hara C, Adachi S, Nagata N, Konomi M, Nakagawa T,

Uchimiya H, Umeda M (2007) The Arabidopsis D-type cyclin CYCD4 controls
cell division in the stomatal lineage of the hypocotyl epidermis. Plant Cell 19:
1265-1277.

Gaudin V, Lunness PA, Fobert PR, Towers M, Riou-Khamlichi C, Murray JA,
Coen E, Doonan JH (2000) The expression of D-cyclin genes defines distinct
developmental zones in snapdragon apical meristems and is locally regulated by
the Cycloidea gene. Plant Physiol 122: 1137-1148.

Menges M, Pavasi G, Morandini P, Bogre L, Murray JA (2007) Genomic
Organization and Evolutionary Conservation of Plant D-Type Cyclins. Plant
Physiol 145: 1558-1576.

@ PLoS Genetics | www.plosgenetics.org

14

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

84.

86.

87.

88.

89.

90.

91.

92.

SAM Functional Domains

Robertson DS (1978) Characterization of a mutator system in maize. Mutat Res
51: 21-28.

Bensen RJ, Johal GS, Crane VC, Tossberg JT, Schnable PS, Meeley RB,
Briggs SP (1995) Cloning and characterization of the maize An/ gene. Plant Cell
7:75-84.

May BP, Liu H, Vollbrecht E, Senior L, Rabinowicz PD, Roh D, Pan X, Stein L,
Freeling M, Alexander D, Martienssen R (2003) Maize-targeted mutagenesis, A
knockout resource for maize. Proc Natl Acad Sci U S A 100: 11541-11546.
Bergmann DC, Sack FD (2007) Stomatal development. Ann Rev Plant Biol 58:
163-181.

Nishimura A, Ito M, Kamiya N, Sato Y, Matsuoka M (2002) OsPNH1 regulates
leaf development and maintenance of the shoot apical meristem in rice. Plant J
30: 189-201.

Xu L, Yang L, Huang H (2007) Post-transcriptional and post-translational
regulations of gene expression during leaf polarity formation. Cell Res 17:
512-519.

Chitwood DH, Guo M, Nogueira FT, Timmermans MC (2007) Leaf polarity:
the role of small RNAs and positional signals in the shoot apex. Development
134: 813-823.

. Nogueira FT, Chitwood DH, Madi S, Ohtsu K, Schnable PS, Scanlon M],

Timmermans MC (2009) Regulation of small RNA accumulation in the maize
shoot apex. PLoS Gen 5: e 1000320 21.

Ikeda K, Ito M, Nagasawa N, Kyozuka J, Nagato Y (2007) Rice ABERRANT
PANICLE ORGANIZATION 1, encoding an F-box protein, regulates
meristem fate. Plant J 51: 1030-1040.

Hepworth SR, Klenz JE, Haughn GW (2006) UFO in the Arabidopsis
inflorescence apex is required for floral-meristem identity and bract suppression.
Planta 223: 769-778.

Ueda M, Matsui K, Ishiguro S, Sano R, Wada T, Paponov I, Palme K, Okada K
(2004) The HALTED ROOT gene encoding the 26S proteasome subunit
RPT2a is essential for the maintenance of Arabidopsis meristems. Development
131: 2101-2111.

Samach A, Broday L, Hareven D, Lifschitz E (1999) Expression of an amino
acid biosynthesis gene in tomato flowers: developmental upregulation and MeJa
response are parenchyma-specific and mutually compatible. Plant J 8: 391-406.
Reddy GV, Heisler MG, Ehrhardt DW, Meyerowitz EM (2004) Real-time
lineage analysis reveals oriented cell divisions associated with morphogenesis at
the shoot apex of Arabidopsis thaliana. Development 131: 4225-4237.

Steeves TA, Sussex IM (1989) Patterns in Plant Development. Cambridge:
Cambridge University Press.

Eshed Y, Izhaki A, Baum SF, Floyd SK, Bowman JL (2004) Asymmetric leaf
development and blade expansion in Arabidopsis are mediated by KANADI
and YABBY activities. Development 131: 2997-3006.

. Jones-Rhoades MW, Bartel DP (2004) Computational identification of plant

microRNAs and their targets, including a stress-induced miRNA. Mol Cell 14:
787-799.

Scanlon MJ, Henderson DC, Bernstein B (2002) SEMAPHOREI functions
during the regulation of ancestrally duplicated knox genes and polar auxin
transport in maize. Development 129: 2663-2673.

. Frank M]J, Cartwright HN, Smith LG (2003) Three Brick genes have distinct

functions in a common pathway promoting polarized cell division and cell
morphogenesis in the maize leaf epidermis. Development 130: 753-762.
Smyth GK, Speed TP (2003) Normalization of cDNA microarray data. Methods
31: 265-273.

Wettenhall JM, Smyth GK (2004) limmaGUI: a graphical user interface for
linear modeling of microarray data. Bioinformatics 20: 3705-3706.

Smyth GK (2004) Linear models and empirical Bayes methods for assessing
differential expression in microarray experiments. Statistical Applications in
Genetics and Molecular. Biology 3: No. 1, Article 3.

Benjamini Y, Hochberg Y (1995) Controlling false discovery rate: a practical and
powerful approach to multiple testing. J R Statist Soc B.57: 289-300.

Jackson D (1991) In situ hybridization in plants. In: Molecular Plant Pathology:
A Practical Approach. Bowles DJ, Gurr SJ, McPerson M, eds. Oxford: Oxford
University Press. pp 163-174.

Long JA, Moan EI, Medford JI, Barton MK (1996) A member of the
KNOTTED class of homeodomain proteins encoded by the STM gene of
Arabidopsis. Nature 379: 66-69.

Fu S, Meeley R, Scanlon MJ (2002) Empty pericarp2 encodes a negative regulator
of the heat shock response and is required for maize embryogenesis. Plant Cell
14: 3119-32.

May 2009 | Volume 5 | Issue 5 | e1000476



