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Figure 5. Microscopic pvel mutant phenotypes.
Transverse sections of wild-type (A) and pve1-M2
mutant (B) seedlings. C, Transverse section
through wild-type seedling showing leaf primor-
dia with tapered margins (5) that encircle the
younger leaf (4). D, Truncated leaf of pvel-M2
mutant seedling exhibiting a half-leaf phenotype.
Adaxial ectopic leaf margin outgrowths (arrows)
observed in pvel-R (E) and pve-M2 (F) mutant
seedlings. Longitudinal sections of the shoot apex
of 14-d seedlings reveals that size of the pve1-M2
mutant SAM (H) is reduced as compared to wild-
type siblings (G). I, Wild-type maize leaf vascular
bundles contain large xylem (x) vessels and
smaller phloem (p) vessels. J, Abnormal pvel-R
mutant vascular bundles are rounded and contain
fewer and smaller xylem vessels. Numbers denote
leaf primordia, wherein 1 is the youngest leaf
closest to the SAM. Bars = 50 um.

identity genes ROLLED1 (RLD1) and KANADI2, were
examined via qRT-PCR analyses of pvel-R mutant
seedlings to help elucidate the role of PVE1 during maize
leaf development. Whereas, RLD1, ARF3A, TAS3A, and
LBL1 transcripts accumulate to lower levels in pvel-R
mutants versus wild-type siblings, AGOI1 transcript
levels are increased over 2-fold (Fig. 7). Transcript accu-
mulation for KANADI? is essentially unaltered in pvel-R
mutants.

In situ hybridization analyses of vascular devel-
opment were performed using probes from the
maize PHB homolog as a marker of adaxial/xylem
development, and miR166 as a marker of abaxial/
phloem development, as described in Juarez et al.

Figure 6. Vascular phenotypes of rgd2-R;pvel-
M2 double mutants. Transverse sections through a
rgd2-R homozygous mutant seedling with a
moderate phenotype (A), and a sibling homozy-
gous mutant with a more severe, single-leaf
phenotype (C). Similar leaf phenotypes are ob-
served in rgd2-R;pve1-M2 double-mutant plants,
as shown in the moderately phenotypic seedling
in B and the severe, single-leaf double mutant in
D. Although double mutants have leaf morphol-
ogy phenotypes similar to rgd2-R single mutants,
rgd2-R mutants have normal vasculature (E, vas-
cular bundle outlined in A; and G), whereas rgd2-
R;pvel-M2 mutants have abnormal vasculature
(F, bundle outlined in B; H) equivalent to that
observed in pvel-M2 single mutants (Fig. 5).
Bars = 50 um
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(2004). Whereas no changes in miR166 abundance
or accumulation pattern were observed in pvel-M2
seedlings as compared to wild-type siblings, accumulation
of ZmPHB transcripts are noticeably reduced in the
developing vascular bundles of pvel-M2 mutant
leaves (Fig. 8).

DISCUSSION

PVE1 Functions Downstream of RGD2 during Patterning
of Maize Leaves

LM microarray analyses identified PVE1 as a gene
of unknown function that is down-regulated in rgd2-R
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Figure 7. Transcript analyses of maize leaf developmental markers in
pvel mutant seedlings. Results of qRT-PCR analyses for genes involved
in maize leaf dorsiventral patterning are presented. Three biological
replicates were used for each genotype and all samples were nor-
malized to 18s rRNA. Bars represent one st.

mutant shoot apices (Supplemental Table S2). qRT-
PCR of microdissected SAMs and of P1 to P4 leaf
primordia confirmed that PVE1 transcripts are indeed
down-regulated in rgd2-R shoot apices, and analyses
of 1bl1-R mutant seedlings verified that both these
components of the maize ta-siARF pathway promote
pvel transcript accumulation. Notably, the PVEI
transcript does not harbor predicted binding sites for
any of the regulatory RNAs that are associated with
the ta-siARF pathway, namely miR390, ta-siARF, and
miR166 (Allen et al., 2005; Fahlgren et al., 2006;
Nagasaki et al., 2007; Nogueira et al., 2007; Mont-
gomery et al., 2008). We therefore speculate that PVE1
transcription is regulated by ARF3 function, or by an
additional unknown factor(s) functioning downstream
of the ta-siARF pathway.

Transcripts of PVE1 accumulate in the developing
vasculature of leaf primordia, as well as in unvascu-
larized tissues such as the leaf founder cells compris-
ing the peripheral zone of the SAM (Fig. 2B). Within
the SAM, PVE1 accumulation precedes and appears to
predict the eventual location of vascular bundles
within leaf primordia. Accumulation of PVE tran-
scripts is down-regulated in rgd2-R mutant apices and
is delayed within the xylem vessels of developing
mutant leaf primordia (Fig. 2, D-G). Vascular devel-
opment is correlated with mediolateral expansion of
the leaf (Dengler and Kang, 2001), such that the down-
regulation of genes involved in vascular development
in rgd2-R mutants is consistent with the defects in
mediolateral development observed in rgd2-R leaves
(Henderson et al., 2005). Although the vascular anat-
omy and polarity is normal in rgd2-R mutant leaves
the number of vascular bundles is reduced (Fig. 2, B
and E), which may result from the reduced and
delayed accumulation of PVEI transcripts in rgd2-R
mutant primordia (Fig. 2, D-G). However, PVEI
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differential expression was identified in microarray
analyses of LM SAMs, tissue that is devoid of vascu-
lature. Whereas accumulation of the maize PINla
protein marks the vascular trace of the future midvein
as early as the PO to P1 founder cell stage of leaf ini-
tiation (Carraro et al., 2006; Gallavotti et al., 2008; Lee
et al.,, 2009), our findings suggest that vascular pat-
terning of lateral leaf domains also begins at the
founder cell stage, well before the appearance of pro-
vascular tissues corresponding to lateral veins.
Reverse genetic analyses identified two independent
transposon-insertion mutant alleles of PVE1, and mu-
tant plants exhibit an array of leaf patterning pheno-
types that are similar to, albeit far less severe than,
those described for rgd2-R mutants (Henderson et al.,
2005). These include narrow leaves and half leaves
(Figs. 4 and 5). As previously described for both rgd2-
R and Ibl1-R mutants, pvel mutant plants also develop
ectopic leaf outgrowths that are a developmental
hallmark of abnormal dorsiventral patterning (Waites
and Hudson, 1995; Timmermans et al., 1998; McConnell

Figure 8. Altered accumulation of ZmPHB transcript in pvel mutant
seedlings. In situ hybridization analyses reveal transcript accumulation
of the maize PHB homolog in the SAM of wild-type seedlings and in
the developing vasculature of leaf primordia (A). In older (leaf 7) pri-
mordia (B), PHB transcript accumulation is polarized (arrow) toward
the xylem (adaxial) region of the vascular bundle. C, PHB transcript
accumulation is less abundant in pvel-M2 mutant seedlings, and is
difficult to detect in the smaller vascular bundles of leaf 7 primordia.
Bars = 50 um.
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Figure 9. Model for PVET function in maize leaf development. PVE1
function promotes ta-siARF function and negatively regulates AGO1.
Molecular genetic and double-mutant analyses indicate that RGD2
and PVET act in different pathways that interact, although it is not yet
known if these interactions are direct or indirect, as indicated by the
dotted lines. Details provided in the text. [See online article for color
version of this figure.]

et al., 2001; Henderson et al., 2005). Consistent with the
Waites and Hudson (1995) model for mediolateral leaf
expansion, ectopic outgrowths on pvel mutant leaves
are associated with the abnormal juxtaposition of ad-
axial and abaxial tissues as indicated by the patches of
adaxial ligule tissue on the abaxial leaf surface imme-
diately adjacent to the ectopic leaf shown in Figure 4, I
and J. Decreased accumulation of transcripts associ-
ated with adaxial (RLD1, LBL1, TAS3A) and abaxial
patterning (ARF3) is also observed in pvel-R mutants
(Fig. 7), and correlates with the observed defects in
dorsiventral patterning. Unlike rgd2-R mutant leaves
however, pvel mutants have abnormal vascular de-
velopment characterized by a marked reduction and
delay in xylem differentiation (Fig. 5, E and J) and
decreased accumulation of ZmPHB transcripts (Fig. 8).
The question arises as to why rgd2-R mutant leaves
have normal vasculature patterning in light of the fact
that PVE1 expression is down-regulated in rgd2-R
mutant apices? We suggest that whereas null alleles of
pvel develop defective vasculature, rgd2-R mutants
retain approximately 20% of wild-type PVE1 transcript
levels, which is sufficient for normal vascular patterning
in maize shoots.

Double-mutant analyses suggest an additive rgd2-R;
pvel-M2 mutant phenotype in which severe leaf-pat-
terning phenotypes (Fig. 4, C and D) similar to rgd2-R
single mutants are found together with the severe
vascular-patterning defects that characterize pvel
mutants (Fig. 6). Another interpretation is that the
more severe leaf phenotypes of rgd2-R and vascular
phenotypes of pvel-M2 mask the effects of the pvel-
M2 mutation in the leaf and of the rgd2-R mutation in
the vasculature. In either scenario, these genetic data
indicate that PVE1 does not function directly in the ta-
siARF pathway. Our qRT-PCR analyses of pvel mu-
tants (Fig. 7) also suggest that PVE1 functions in a
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separate pathway that intersects and interacts with
components of the ta-siARF pathway. Figure 9 pre-
sents a working model for PVEL1 function during maize
leaf patterning based upon our interpretations of the
microarray data, reverse genetic analyses of pvel
mutant phenotypes, and qRT-PCR analyses of leaf
developmental marker transcripts in pvel-R mutant
seedlings. The reduced accumulation of both LBLI and
TAS3A transcripts in pvel-R mutant seedlings sug-
gests a feedback regulatory mechanism wherein PVE1
function promotes the ta-siARF pathway, which in
turn promotes the accumulation of PVEI transcripts.
The concomitant down-regulation of LBL1 and up-
regulation of AGO1 in pvel-R mutant seedlings (Fig. 7)
corroborates previous reports wherein LBL1 function
restricts AGO1 accumulation within the maize shoot
apex (Douglas et al., 2010). Interestingly, PVE1 func-
tion also promotes the accumulation of ARF3A tran-
scripts (Fig. 7). These findings suggest a complex
interaction wherein PVE1l promotes ta-siARF-medi-
ated down-regulation of ARF3A, and ARF3A accu-
mulation correlates with down-regulation of PVEL. In
turn, PVE1 function moderates the extent of ARF3A
transcript down-regulation perhaps via negative reg-
ulation of AGOI1, although it is equally unclear
whether PVE1 regulates ARF3A via interaction with
the ta-siARF or by another indirect mechanism (mod-
eled in Fig. 9). Likewise, the reduction of RLD1 and
ZmPHB transcripts in pvel-R mutants (Figs. 7 and 8)
may result from increased miR166 activity due to ele-
vated levels of AGOI1. In addition, the reduced and
delayed vascular development observed in pvel mu-
tant seedlings may reflect the aberrant transcript accu-
mulation of these leaf-patterning genes. Tests of the
validity of this model for PVE1 function, and further
resolution of the redundant complexities of ta-siARF
function, will await future studies of the subcellular
localization, biochemical activity, and molecular func-
tion of PVEl and of additional downstream compo-
nents of RGD2 and LBL1 function in plant shoots.

MATERIALS AND METHODS
Plant Materials

The rgd2-R mutation was introgressed into Mol17 for five generations.
Wild-type and rgd2-R mutant maize (Zea mays) siblings were grown in con-
trolled conditions with 15-h light with intensity 220 to 250 wES™! Mm% at 25°C;
and 9-h dark at 20°C. Humidity was set at 50%. Siblings were harvested for

LM at 14 d after germination.

Histological Analyses

Maize seedlings harvested at 14 d after germination were fixed in formalin-
acetic-alcohol, paraffin embedded, sectioned at 10 um, and stained in either
toluidine blue O or Safranin Fast Green using Johanssen’s method as described
(Brooks et al., 2009).

Isolation of Maize SAM RNAs

Siblings were fixed with acetone and embedded in paraffin as described
(Emrich et al., 2007). The P.A.L.M. laser microbeam was used to collect SAM
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cells from 10-um sections. Each SAM typically comprised 10 to 12 longitudinal
sections for LM. Six biological replicates were captured independently. Each
replicate consisted of three to five whole, wild-type, or rgd2-R mutant SAMs
with harvested areas varying from 0.57 to 0.95 mm? (Supplemental Table S1).
RNA from the captured SAMs was extracted using the PicoPure RNA ex-
traction kit (Arcturus Molecular Devices) and amplified twice (RiboAmp HS
RNA amplification kit; Arcturus Molecular Devices) to yield 28 to 74 ug an-
tisense RNA (Supplemental Table S1).

First-strand cDNA was synthesized from the amplified SAM RNA using
Superscript II (Invitrogen) and purified with QIAquick PCR purification kit
(QIAGEN). A total of 2.5 ug of the purified cDNA were indirectly labeled with
Cy dye as described (Nakazono et al., 2003). Dye swapping was performed
between biological replicates to minimize dye bias. Microarrays were hy-
bridized as described (Nakazono et al., 2003).

Microarrays and Hybridizations

Maize SAM 1.1 (GPL3333) and SAM 3.0 (GPL3538) gene chips containing a
combined total of 28,671 cDNAs were used in this experiment (Brooks et al.,
2009). Detailed information about these chips is available at http://www.
plantgenomics.iastate.edu/maizechip/ or MicroArray Data Interface (http://
schnablelab.plantgenomics.iastate.edu:8080/madi/). The MIAME (for mini-
mum information about a microarray experiment) guidelines utilized, hy-
bridization protocols, and array scanning procedure were as described (Zhang
et al., 2007; Brooks et al., 2009).

Microarray Data Analyses and Annotation

Each hybridized microarray gene chip was scanned with ScanArray Lite
(Packard Bioscience) at 10-um resolution. Image quantification was performed
with ScanArray Express (PerkinElmer). Raw signals were first corrected by
background intensity within each slide, followed by LOWESS (for locally
weighted scatterplot smoothing) normalization to remove intensity-dependent
dye bias (Dudoit et al., 2002). Median centering was used to normalize data
across slides from each channel (Yang et al., 2002). A mixed linear model was
applied to the normalized data to identify the differentially expressed genes
among rgd2-R mutant and wild-type samples as described (Dudoit et al., 2002;
Zhang et al., 2007). The resulting P values from the tests for SAM-type effects
were converted to g values using the method of Storey and Tibshirani (2003) to
estimate the false discovery rate associated with any P value threshold for
significance. All microarray data are available at Gene Expression Omnibus
(http:/ /www.ncbinlm nih.gov/geo).

qRT-PCR and in Situ Hybridizations

Whole-plant tissue was harvested using TRIzol reagent (Invitrogen) and
cDNA was synthesized using SuperScript III first-strand synthesis system
(Invitrogen). SAM tissues and leaf primordia (P1-P4) tissue were harvested by
LM from rgd2 mutant and wild-type siblings; cDNA was synthesized from
amplified RNA as described (51). Gene-specific primers were designed
(Supplemental Table S3) for use with SYBR-Green (Quanta) in gRT-PCR as
described (Zhang et al., 2007). Three biological replicates were examined, and
samples were normalized to UBIQUITIN or to 18S rRNA transcript accumu-
lation as described using Bio-Rad iQ5 version 1.0 software (Livak and
Schmittgen, 2001). All gene-specific primers utilized in this study are listed in
Supplemental Table S3.

Maize 2-week-old seedlings were fixed in formalin-acetic-alcohol and
processed for in situ hybridization to gene-specific probes as described
(Jackson, 1991). At least six plants from each genotype (rgd2-R mutant versus
wild-type sibling, and pvel-M2 versus wild-type sibling) were compared for
each gene-specific probe (PVE1, and ZmPHB as described in Juarez et al., 2004)
presented in the text.

Reverse Genetic Analyses

DNA samples prepared from 3,456 F2 progeny obtained by self polli-
nation of active Mu transposon stocks were subjected to PCR-based screens
using pvel gene-specific primers and a Mu-specific primer (AGAGA-
AGCCAACGCCAWCGCCTCYATTTCGTC). The gene-specific forward
primer T1 (AGGGATTCATGCTACCCAGAG) was used to optimize PCR
amplification conditions for two gene-specific, nested reverse primers M1
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(GAGTCCGCAATCTCCATCAAC) and M2 (CCTGCAACTGAATCTGTC-
CAA). The first round of PCR analysis (pooled PCR) was performed with
the Mu and M1 primers, on 96-well PCR plates with pooled four DNA
samples in each well. PCR reactions were screened for specific fragments
using 1% agarose gel. The corresponding DNA samples in the selected
DNA sample pools were rearrayed for second round of PCR analysis using
the same primer set (Mu and M1; deconvolution PCR). PCR reactions were
then analyzed by agarose gel electrophoresis to identify individual DNA
samples with specific fragments. The identified DNA samples were used
for the third round of PCR amplification with the Mu and M2 primers
(nested PCR). Meanwhile, to rule out the 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 Mu transposon insertion.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Information for LM samples used for microar-
rays.

Supplemental Table S2. Microarray genes differentially expressed in the
rgd2-R mutant SAM.

Supplemental Table S3. Primers utilized in this study.

Supplemental Table S4. qRT-PCR corroboration of selected rgd2-R differ-
entially expressed genes.
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