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¢ The formation of developmental boundaries is a common feature of multicellular plants and
animals, and impacts the initiation, structure and function of all organs. Maize leaves comprise
a proximal sheath that encloses the stem, and a distal photosynthetic blade that projects away
from the plant axis. An epidermally derived ligule and a joint-like auricle develop at the blade/
sheath boundary of maize leaves. Mutations disturbing the ligule/auricle region disrupt leaf
patterning and impact plant architecture, yet it is unclear how this developmental boundary is
established.

¢ Targeted microdissection followed by transcriptomic analyses of young leaf primordia were
utilized to construct a co-expression network associated with development of the blade/
sheath boundary.

o Evidence is presented for proximodistal gradients of gene expression that establish a prepat-
terned transcriptomic boundary in young leaf primordia, before the morphological initiation
of the blade/sheath boundary in older leaves.

o This work presents a conceptual model for spatiotemporal patterning of proximodistal leaf
domains, and provides a rich resource of candidate gene interactions for future investigations
of the mechanisms of blade/sheath boundary formation in maize.
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Introduction

A key process in plant organogenesis is the specification of
developmental boundaries that separate cell and tissue domains
in an organ (Hepworth & Pautot, 2015). Maize (Zea mays
subsp. mays L.) leaves are a genetically tractable system to
study boundary formation, wherein the ligule/auricle region
precisely demarcates the distal blade from the proximal leaf
sheath. At this blade/sheath boundary, the epidermally derived
ligule fringe emerges from the base of an articulated, joint-like
auricle (Fig. 1a,b). Together, the ligule and auricle project the
blade away from the main plant axis (Tian ez 4/, 2011). Blade
angle is dependent on the geometry and structure of the ligule
and auricle region (Sylvester ez al, 1990; Kong et al., 2017),
and is a major trait under selection during maize domestica-
tion and breeding (Tian e al, 2019). The mechanisms that
pattern the blade/sheath boundary in the maize leaf remain an
open question in plant development.

Maize leaves arise from undifferentiated founder cells encir-
cling the base of the shoot apical meristem (SAM), and emerge
sequentially as dorsiventrally flactened primordia that surround
the shoot (reviewed by Conklin ez al, 2019). The site of an
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incipient primordium is referred to as Plastochron 0 (i.e. PO,
where a plastochron is the time interval between successive leaf
initiations (Erickson & Michelini, 1957)) and is associated with
downregulation of Class I KNOTTEDI-LIKE HOMEOBOX
(KNOX) gene expression (Smith ez al., 1992; Jackson ez al., 1994;
Long ez al, 1996). As the maize primordium emerges from the
SAM periphery, a proximodistal axis forms between the tip of the
initiating primordium and its base that surrounds the SAM. In
the inbred line B73, the boundary demarcating the future proxi-
mal sheath and distal blade becomes morphologically distinct
within the sixth and eighth youngest leaf primordia (P6/P8;
Fig. Ic—e; Walsh ez al, 1998; Johnston et al, 2014). Here,
LIGULELESS! (LGI) transcripts accumulate (Moreno ez al,
1997; Johnston ez al., 2014) at the ligule/auricle region, and the
preligule band forms as a linear field of cells in the adaxial epider-
mis marked by localized anticlinal cell divisions (i.e. within the
plane of the existing cell file; Fig. 1d; Sylvester et al., 1990). Sub-
sequent periclinal divisions (i.e. parallel to the plane) in the adax-
ial epidermis mark ligule initiation (Fig. le) at the blade/sheath
boundary.

Molecular genetic analyses of dominant, gain-of-function
mutations in a number of class I KVOX genes in maize have
revealed that ectopic KNOX expression generates patches of
sheath identity in mutant leaves. This juxtapositioning of sheath

© 2020 The Authors
New Phytologist © 2020 New Phytologist Foundation


https://orcid.org/0000-0002-6623-1181
https://orcid.org/0000-0002-6623-1181
https://orcid.org/0000-0002-0260-8285
https://orcid.org/0000-0002-0260-8285
https://orcid.org/0000-0003-0404-656X
https://orcid.org/0000-0003-0404-656X
https://orcid.org/0000-0003-4448-4345
https://orcid.org/0000-0003-4448-4345
https://orcid.org/0000-0001-7282-4189
https://orcid.org/0000-0001-7282-4189
https://orcid.org/0000-0003-1708-3490
https://orcid.org/0000-0003-1708-3490
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.17132&domain=pdf&date_stamp=2021-01-12

New
Phytologist

Research™ 219

the ligular region (white box) with auricle (a) and ligule (bar,10 mm). (b) Boxed area in (a) of the ligular region consisting of auricle (a) and ligule (I, denoted
by arrows) (bar,=10 mm). (c) Lateral longitudinal section through shoot apex. Numbers indicate plastochron number of leaf primordia. P4 primordium is
outlined in red. Asterisk = SAM (bar, 500 um). (d, e) Enlargement of details in panel (c). (d) is from an adjacent section of the same sample as (c).
Arrowheads indicate the preligule band and emerging ligule on successive leaf primordia. Black arrowheads denote the preligule band is first visible at P6.
Blue arrowheads denote periclinal division of preligule band cells in the adaxial epidermis at P7. Magenta arrowheads indicate the initiating ligule on the

adaxial side of the leaf at P8. Ad, adaxial; Ab, abaxial; bars, 50 um.

tissue within what is normally blade coincides with the de novo
formation of ligule/auricle structures at these ectopic blade/sheath
boundaries in Knox mutant leaves (Smith et al, 1992; Jackson
et al., 1994; Freeling & Hake, 1985; Becraft & Freeling, 1994;
Schneeberger ez al., 1995; Muchlbauer et al., 1997, 1999; Foster
et al., 1999). These mutant phenotypes highlight a critical role
for KNOX regulatory networks in specifying proximal develop-
mental cues in developing leaf primordia (reviewed by Bolduc
et al., 2012a).

Previously, we used laser microdissection followed by RNA
sequencing (LM-RNAseq) to identify genes expressed in the
initiating ligule/auricle region (Johnston et al, 2014). Precise
regions of preligule, preblade and presheath were microdis-
sected from P7-staged leaf primordia, revealing that significant
numbers of transcripts that are differentially expressed at the
developing blade/sheath boundary are also expressed at multi-
ple organ boundaries. Thus, genes expressed during maize
ligule/auricle initiation recapitulate gene expression patterns
that occur during lateral organ initiation throughout shoot
development (Johnston er al, 2014). Moreover, genes known
to be bound and modulated by KNOTTEDI1 (KN1; Bolduc
et al, 2012b) are over-represented during ligule initiation
(Johnston et al., 2014), further implicating KNOX gene net-
works in patterning the blade/sheath boundary. Intriguingly,
several transcripts that preferentially accumulate at the initiat-
ing ligule/auricle region of P7-staged leaf primordia are like-
wise expressed at the base of much younger, P4-staged leaves,
long before any evidence of ligule/auricle morphogenesis
(Johnston et al, 2014).

We use the term ‘prepattern’ here to describe gradients of gene
expression within a tissue or organ that contribute to eventual
developmental patterning, which are present before any evidence
of morphological changes that define this pattern (reviewed by
Van Norman ez al, 2013; Lim et 4/, 2017). In this study, net-
work analyses provide evidence for transcriptional gradients along
the proximodistal axis of P4-staged leaves that establish a prepat-
terned boundary of gene expression in young leaf primordia,
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before the morphological initiation of the blade/sheath boundary
in older leaves.

Materials and Methods

Genetic stocks and plant growth

Maize plants were grown in field U at the Cornell Musgrave
Research Farm (Lima silt loam soil), Cornell Guterman Green-
house (conditions: 29.4°C : 23.9°C, day : night, 16 h :8h
light : dark; soil type: 1:1 Turface MVP (Profile Products LLC,
Buffalo Grove, IL, USA):LM111 (Lambert Peat Moss, QC,
Canada)) and Cornell Weill Hall Plant Growth Chamber Lab
(conditions: 29.4°C : 23.9°C, day : night, relative humidity
50%, 16 h : 8 h, light : dark, light intensity of 514 pumol at plant
height; soil type: 1:1 Turface MVP (Profile Products
LLC):LM111 (Lambert Peat Moss)). The Knl-DL allele
(Ramirez et al., 2009; backcrossed eight generations into the B73
inbred line) was obtained from M. Muszynski (University of
Hawai’i at Manoa). Homozygous /g2-R plants introgressed into
the B73 background and wild-type siblings (described by Walsh
et al., 1998) were used for LM-RNAseq analysis of /g2 mutants.

RNA in situ hybridization and immunohistolocalization

Shoot apices from glasshouse-grown 2-wk-old seedlings were
fixed overnight at 4°C in FAA (3.7% formalin, 5% glacial acetic
acid and 50% ethanol in water). Tissues were dehydrated at 4°C
through a graded ethanol series (50%, 70%, 85%, 95%, 100%)
each for 1h, with three changes in 100% ethanol, and kept in
100% ethanol at 4°C overnight. Tissues were then passed
through a graded Histo-Clear (National Diagnostics, Atlanta,
GA, USA) series (3:1, 1:1, 1:3 ethanol : Histo-Clear) with
three changes in 100% Histo-Clear; all changes were 1 h each at
room temperature. Samples were then embedded in Paraplast
Plus (McCormick Scientific, St Louis, MO, USA), sectioned and
hybridized with probes synthesized as described previously
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(Jackson er al, 1994). Hybridizations were performed using
antisense digoxygenin-labeled RNA probes: ZHDI5 (JS131,
GAGTTCGCGGAGAAGCAGG; JS132, GATATGCCACCC
GTGACACG), IGI (JS117, AAAGGAGGCCGAATTCCAGC;
JS118, GTAGGCGAGGGAGTTCACG), GLUI (JS105, ACT
TTGAATGGTTTGCCGGC; ]S106, CAACGCGTTATTA
GCCACGG; JS017, ACGTACGTGTATCAGAGACATGG;
JS108, CGAAGGTGAAGTCAGAGGGG) and DHNI3 (JS396,
TCCGATTGGCCTTCCATTCC; JS397, CAGATCTCAGT
CGCTGTCGC). Immunohistolocalizations using an anti-KN1
antibody were performed as described by Bolduc ez 2/ (2012b).

Histology

Toluidine Blue O (TBO) staining was performed as described by
Ruzin (1999) on maize shoot apices from glasshouse-grown 2-
wk-old seedlings with the following modification: slides were
stained in 0.5% TBO staining solution for 1 min.

Laser microdissection, library preparation and sequencing

Seedling shoot apices were fixed and processed for LM, and
sectioned along the lateral axis (Johnston ez al, 2014, 2017).
LM-RNAseq was conducted to identify genes that are differen-
tially expressed along the proximodistal axis of P4 leaf primor-
dia. Five measured domains of B73 P4 leaf primordia were
microdissected (Fig. 2a; Supporting information Fig. S1).
These domains encompassed cells that would give rise to the
sheath, ligule and proximal part of the blade, although no
morphological markers are present at the P4 stage. Domain A
was a triangular segment at the very base of the primordium,
with the proximal boundary at the insertion point of the leaf
and the distal boundary perpendicular to the leaf surface. B, C
and D were consecutive 50 pum domains distal to the A
domain. E was a 50 um domain 100 pm distal to the D
domain. We collected three replicates of five plants each (for a
total of 15 plants), and the three median sections from each
shoot apex were used.

LM-RNAseq was conducted to identify genes that are DE
in leaf primordia of /g2-R mutants and wild-type siblings.
LM was used to isolate tissue from regions of P4, P6 and P7
primordia that encompass cells where the blade/sheath bound-
ary will form. The regions captured were the proximal
150 pm of P4, between 200 and 1000 pm from the base of
P6, and between 1000 and 3000 um from the base of P7, as
shown in Fig. S2.

LM was performed using the Positioning and Ablation with
Laser Microbeams system (PALM Microlaser Technologies,
Jena, Germany). RNA extraction and amplification and cDNA
library preparation were performed as described previously
(Johnston ez al., 2014). RNA amplification for [g2-R was per-
formed according to the manufacturer’s instructions using the
TargetAmp 2-Round Aminoallyl-aRNA Amplification Kit 1.0
(Epicentre Biotechnologies, Madison, WI, USA) for wild-type
replicates 1 and 2 for P4, P6 and P7 samples and Arcturus
RiboAmp HS Plus Kit (ThermoFisher Scientific, Waltham,
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MA, USA) for nonmutant replicates 3 and 4, and all [g2-R
replicates for P4, P6 and P7 samples. Illumina sequencing was
done on a HiSeq2500.

RNAseq alignment, counting and normalization

Sequence quality was evaluated using FastTQC v.0.11.8
(Andrews, 2010) and MuLTIQC v.1.7 (Ewels ez al., 2016). Tllu-
mina adapter sequences were trimmed using TRIMMOMATIC
v0.39 (Bolger er al, 2014). Reads were aligned to the maize
B73 AGPv3.30 genome using ToPHAT v.2.1.0 (with options -r
0 -i 30 -I 100000; Kim er al, 2013). Aligned reads were
counted using a union-exon approach with HTseQ-CouNTs
v.0.9.1 (Anders er al, 2015) to the B73 AGPv3.30 gene set.
Pairwise hypothesis testing was conducted in DESEQ2 (Anders
& Huber, 2012) and batch-corrected for principal components
analysis (PCA) using Limma (Ritchie ef 4/, 2015). Samples were
evaluated for overall quality using a Pearson correlation distance
matrix. Raw counts were normalized using the R package EDGER
v.3.20.9 and fit to ANOVA-like models using bioreplicate and
microdomain as factors (Robinson ez al, 2010; McCarthy ez al.,
2012). Genes with <5 reads per million were not considered in
subsequent analysis.

Self-organizing map analysis

We clustered the normalized, z-scaled expression values from
1045 P4 responsive genes by self-organizing maps into a 5 x 5
hexagonal grid with 50 000 iterative steps and a learning rate of
2=0.15 with R/KOHONEN v.3.0.7 (Wehrens & Buydens, 2007;
Wehrens & Kruisselbrink, 2018). To confirm that we identified
all major expression patterns in the dataset, we empirically deter-
mined 5 X 5 to be the largest set of nodes possible that did not
yield empty nodes. To find putative KN1 target genes in P4
microdomains, the list of 1045 differentially expressed genes
(DEGs) across microdomains A—D was compared with KN1
bound or KN1 bound and modulated genes as classified by
Bolduc ez al. (2012b: Supplemental Table 11 therein).

Weighted gene co-expression network analysis

We used R/wGeNa v.1.66 (Langfelder & Horvath, 2008, 2012)
to estimate co-expression networks on a Pearson-correlation dis-
tance matrix. We empirically determined 32 as an optimal soft-
threshold for scale-free topology and maximal connectivity. We
used a minimum module size of 50 to allow for highly specialized
co-expression patterns. Networks were exported and visualized
using CyTOSCAPE (Shannon ez al., 2003).

Data access

P4 domain RNAseq reads will be available to download from
the NCBI SRA under BioProject no. PRJNA565780. RNAseq
reads for liguless2-R vs wild-type leaf primordia will be avail-
able to download from the NCBI SRA under BioProject no.
PRJNAG25526.

© 2020 The Authors
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Fig.2 LM-RNAseq of the base of P4 primordia uncovers abrupt transcriptional shifts along the first 200 um of the proximodistal axis. (a) Median lateral
section through maize shoot apex after P4 laser microdissection. Five 50 um tall domains collected along the proximodistal axis (microdomains A-E) by UV
laser dissection and catapult (blue dots). Asterisk, shoot apical meristem (SAM); bar,150 um. (b) Batch-corrected expression data from leaf domains (upper)
separated into two clusters by PCA (lower), AB and CDE. (c) To evaluate whether the data support the presence of discrete domains (H,) or continuous
linear changes in gene expression across A-D (H,), signatures of differentially expressed genes (DEGs) were compared between AB vs CD (I) and AC vs BD
(1). (d) DEG overlap for neighboring tissue microdomains reveals the highest number of unique transcriptional differences between B vs C and D vs E (Adj
P <0.05). (e) DEG overlap for only contiguous tissue microdomains A-D shows the highest number of unique transcriptional differences for B vs C (Adj

P <0.05). (f) Normalized AD domain transcript patterns separated into 25 expression patterns by self-organizing maps. Gray lines denote individual
transcript accumulation patterns. Labels denote the node IDs, with the number of genes per node in parentheses.
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Accession numbers

Specific genes analyzed in this scudy: KNI, GRMZM2G017087;
ZHD15, GRMZM2G089619; ZHDI, GRMZM2G068330;
ZHD21, GRMZM5G821755; IG1, GRMZM2G118250; TRU,
GRMZM2G039867; TRLI, GRMZM2G060723; ZmBOPa,
GRMZM2G026556; ZmBOPb, GRMZM2G022606; GLUI,
GRMZM2G016890; DHN13, GRMZM2G169372.

Results and Discussion

Gene-expression gradients in the P4-staged maize leaf
primordium

LM-RNAseq was used to profile gene expression at the base of
P4-staged leaf primordia (Fig.2a), and search for evidence of
transcriptional gradients marking early proximodistal patterning
events in developing maize leaves. The base of the P4 pri-
mordium was precisely laser-microdissected in four contiguous
¢.50 um tissue segments (named microdomains A-D) and an
equivalent sized distal segment (microdomain E; Fig. 2a;
Fig. S3a,b). Amongst the 21000 gene models confidently
expressed in all samples, a total of 1984 DEGs were identified
across all leaf microdomains (Dataset S1). Hierarchical clustering
of the transcripts identified a distinction between the two most
proximal (A and B) and three distal (C, D and E) microdomains
(Fig. S3c). The transcript accumulation patterns of previously
described genes (including ZmCUC2, TRUI, AUXIN
RESPONSE FACTOR24, BLHI4 and UNKNOWN) within
specific P4 microdomains were consistent with published in situ
hybridization data (Fig. S3d) (Johnston ez al., 2014).

After batch correction to remove bioreplicate effects, PCA on
the top 15000 most variant transcripts identified a continuous
transcriptional gradient amongst samples that followed their
proximodistal position from A to E, although a pronounced sepa-
ration between B and C microdomain samples suggested a large
transcriptional shift between the groupings of proximal AB and
distal CDE microdomains (Fig. 2b).

Two pairwise gene expression comparisons were performed to
determine whether this transcriptional gradient could be
attributed to the early patterning (i.e. prepatterning) of
microdomains comprising the future blade/sheath boundary
(Fig. 2¢, hypothesis ‘H;’), or to an intrinsic, linear change across
microdomains A—D that reflects proximodistal cell maturation
(Fig. 2¢, hypothesis ‘H,’). We reasoned that comparing A&B to
C&D samples should reveal both domain-specific (‘H;’) and lin-
early changed (‘H,’) expression patterns, but scrambled compar-
isons of A&C to B&D samples should reveal only linearly
changed (‘Hy’) expression patterns, as the modeled average of
A&C and B&D will still occupy distinct positions along a proxi-
modistal axis. Comparisons of microdomains A&B to C&D
yielded 499 DEGs, while the A&C to B&D comparison yielded
no DEGs (Datasets S2, S3). We further reasoned that domain
identity should involve unique gene regulation patterns when
comparing across domains while linearly changed genes may be
differentially regulated in multiple domains. We therefore
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determined DEGs by comparing all neighboring microdomains:
A vs B — 85 DEGs (Dataset S4), B vs C — 153 DEGs (Dataset
S5), C vs D — 24 DEGs (Dataset S6) and D. vs E — 218 DEGs
(Dataset S7). The unique DEGs in these comparisons identified
large transcriptomic differences in the B vs C and D vs E compar-
isons (Fig. 2d): A vs B — 54 unique DEGs (64%; Dataset S8), B
vs C — 117 unique DEGs (76%; Dataset S9), C vs D — eight
unique DEGs (33%; Dataset S10) and D vs E — 173 unique
DEGs (81%; Dataset S11). Microdomain E was collected from a
distal tissue that is not contiguous with all other domains A-D,
so we wondered if comparing against E was biasing our ability to
detect subtle patterns. Limiting our comparisons to unique
DEGs between A vs B, B vs C and C vs D only, we similarly
found that B vs C contains the largest number of unique DEGs
(130; Fig. 2e). Interestingly, we found that A vs B, B vs C and C
vs D contained no shared DEGs found in all three of these com-
parisons, which does not support a linear change in gene expres-
sion across these domains. Thus, these analyses reveal a
proximodistal, transcriptomic boundary at the base of P4 leaf pri-
mordia, before detection of any morphological changes within or
between these leaf microdomains. We hypothesize that these dra-
matic domain-specific differences in transcript accumulation
comprise a proximodistal prepattern within P4 leaf primordia,
wherein microdomains A&B will form sheath and C,D&E will
form blade during later stages of leaf development.

Candidate genes and gene networks implicated in prepattern-
ing proximodistal leaf programs were identified by categorizing
the patterns of transcript accumulation across P4 leaf
microdomains. Limiting the analysis to DEGs within the four
contiguous P4 microdomains A—D, 1045 transcripts were identi-
fied (Dataset S12). Unsupervised machine learning separated
expression patterns across P4 microdomains for these 1045
DEGs into a self-organizing map comprising 2 maximum of 25
expression nodes and corresponding expression patterns (Fig. 2f).
Several classes of expression patterns were detected, including:
linear proximodistal gradients (e.g. Nodes 10 and 22); proxi-
modistal on/off switches (e.g. Nodes 2 and 13); microdomain-
specific spikes (e.g. Nodes 6, 9, 16 and 25); and other profiles. As
described in our pairwise gene expression analysis, 19 of the 25
nodes (i.e. Nodes 1-8; 10, 12—-14, 16, 18-21 and 23-24)
reflected particularly dynamic changes in gene expression
between microdomains B and C, including 378 transcripts
(c. 36.2%) with higher accumulation in microdomains A&B vs
282 transcripts (¢. 27%) with higher accumulation in domains
C&D (Fig. 2f; Datasets S13 and S14). These transcriptomic data
identify an expression boundary between P4 microdomains AB
and CD that precedes, and may predict, proximodistal patterning
of the blade—sheath boundary of the maize leaf, supporting the
hypothesis of a prepattern at the base of the primordium.

A role for KNOX gene expression networks in
proximodistal patterning of maize leaves

The list of genes that are differentially expressed in P4
microdomains is significantly enriched for predicted transcrip-
tion factors (14.4%; 151/1045; X2 P=9.86 x 10~'7; Dataset

© 2020 The Authors
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Fig. 3 Accumulation of KNOX, ZHD, BOP and /G171 gene products during proximodistal development of maize leaf primordia. (a) Transcript profiles of class
| KNOX and ZHD genes (which are direct targets of KN1) reveal co-expression and enrichment in AB domains. (b) Immunostaining of KN1 in a lateral
longitudinal section of the B73 shoot apex. Arrows point to KN1 accumulation in the proximal region of the P4 primordium (bar, 200 um). (c) Median
longitudinal section through B73 shoot apex hybridized with ZHD75 antisense RNA probe. Arrow indicates adaxial accumulation in equivalent AB domains
(bar, 200 pm). (d) Normal sibling and Kn7-DL leaf margin. Arrow indicates marginal outgrowth of sheath-like tissue. (e) Median longitudinal section
through Kn7-DL shoot apex hybridized with ZHD75 probe. Arrow indicates ectopic accumulation of ZHD75 transcripts (bar, 200 um). (f) Longitudinal
section through Kn7-DL P5 leaf margin hybridized with ZHD 75 probe. Arrow points to margin cells with ectopic accumulation of ZHD75 transcripts. (g)
Longitudinal section through B73 P5 leaf margin hybridized with ZHD75 probe. Arrow points to margin cells with no ectopic accumulation of ZHD15
transcripts (bar, 200 um). (h) Co-expression of the BOP homologs TRU7/TRL1/ZmBOPa/b and of IG7 in AB domains. (i) Median longitudinal section
through B73 shoot apex hybridized with /G7 antisense RNA probe. (j) Boxed area of (i), showing close-up of proximal region of P4 primordium

(bar, 200 pm). (b, c, e, i) Asterisk, shoot apical meristem (SAM).

S15). In particular, microdomain A, at the base of the P4 pri-
mordium, was enriched for transcripts from predicted home-
obox genes (14.3%; 19/133; X2 P=1.03 x 10~%°; Dataset S15),
including the Class I KNOX genes KN1, RSI1, GN1, LG3, LG4,
KNOX5 and KNOX8 (Fig. 3a). KNI transcripts accumulate at
the base of primordia (Fig. 3a; Bolduc & Hake, 2009), while
KN1 protein is detected in microdomain B as well as
microdomain A (Fig. 3b). These data suggest that KN1 protein
moves from microdomain A into B, consistent with its reported
cell-to-cell trafficking in the maize shoot (Jackson, 2002). Addi-
tionally, a significant number of P4 DEGs are direct transcrip-
tional targets of KN1 (17%; 178/1045; x> P=3.08 x 10~ '%;
Datasets S15 and S16; Bolduc & Hake, 2009), the majority of
which are more highly expressed in proximal P4 microdomains
A&B (i.e. Nodes 3, 5, 8 and 14; Fig. 2f). Misexpression of
maize KNOX genes in the leaf blade conditions the develop-
ment of ectopic sheath and ligule tissue in the leaf blade. It is
hypothesized that KNOX signaling patterns sheath identity, and
that ectopic auricle and ligule form de novo at the boundaries
where blade and sheath tissues are juxtaposed in KNOX mutant
leaves (reviewed by Bolduc ez al., 2012a).

© 2020 The Authors
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Notably, the sheath is the last part of the leaf primordium to
emerge from the SAM and is the last to elongate in wild-type
maize; therefore, it is predicted that the sheath domain occupies a
small zone at the base of the P4 leaf primordium (Poethig, 1984;
Poethig & Szymkowiak, 1995). This developmental pattern is
consistent with our findings of microdomain-specific transcript
profiles at the base of the P4 (Fig.2). We hypothesize that
KNOX function specifically prepatterns sheath identity in the
proximal P4 microdomains A&B, before any morphological or
anatomical differentiation of sheath and/or blade tissue. We fur-
ther propose that KNOX-mediated sheath cell identity persists at
later stages of development when KNOX genes are no longer
expressed in the sheath domain (reviewed by Bolduc ez al., 2012a;
Johnston ez al., 2014).

To investigate putative developmental pathways acting down-
stream of KNOX genes during leaf proximal—distal patterning,
we analyzed KN1-target genes that are differentially expressed in
P4 leaf primordium microdomains. Transcripts from five mem-
bers of the ZINCFINGER HOMEODOMAIN (ZHD) gene fam-
ily, a class of putative transcriptional regulators (Tan & Irish,
2006; Hu et al., 2008) previously undescribed in maize, were
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upregulated in P4 microdomains A&B; this pattern was similar
to the pattern of KNI protein accumulation (Fig. 3a). Moreover,
ZHDI, ZHD4, ZHDI15 and ZHD21 are direct gene targets of
KNT1 (Fig. S4; Bolduc ez al, 2012b). In situ hybridization analy-
ses confirm the accumulation of ZHDI5 transcripts at organ
boundaries and in the proximal A&B microdomains of P4-staged
leaf primordia (Fig. 3¢).

Accumulation of ZHDI5 transcripts was examined in the
dominant KzI-DL mutant, which produces ectopic outgrowths
of sheath and ligule along the blade margin (Fig. 3d; Ramirez
et al., 2009). We hypothesized that if KN1 regulates expression
of ZHD genes, then the misexpression of KN1 in gain-of-func-
tion mutants should lead to misexpression of its gene targets.
Indeed, ZHD15 transcripts accumulate abnormally in the devel-
oping leaf margins of K»I-DL mutants, in regions corresponding
to the initiation of ectopic sheath outgrowths (Fig. 3e—g). These
results suggest that KN1 activity leads to de novo expression of
ZHD15 during the formation of ectopic blade/sheath boundaries
in Knl-DL mutant leaf blades. Intriguingly, maize ZHD genes
are also expressed in P7 leaf primordia during ligule initiation
(Johnston ez al., 2014), as well as in P4 proximal microdomains
A&B. Together, these data suggest that maize ZHDs may func-
tion downstream of KN1 during maize leaf development.

Our LM-RNAseq data identified steep gradients of differential
gene expression between P4 microdomains B and C (Fig. 2¢,d).
We analyzed five genes that have relatively high expression in P4
microdomain B and decreased or no accumulation in
microdomain C (Fig. 3h). These include four maize homologs of
Arabidopsis BOP1/2 (i.e. TASSELS REPLACE UPPER EARSI
(TRUI; Dong et al., 2017), TRUI-LIKEI (TRLI), BLADE-ON-
PETIOLEa (ZmBOPa) and ZmBOPb) and INDETERMINANT
GAMETOPHYTEI (IGI; Evans, 2007), the maize homolog of
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Arabidopsis ASYMMETRIC LEAVES2 (AS2; Iwakawa ez al.,
2002). In situ hybridizations confirm the accumulation of /G1
transcripts in the adaxial epidermis of microdomain B in P4 pri-
mordia (Fig. 3i,j). Previously described mutations in /GI disrupt
ligule/auricle patterning and ig/ mutant leaves misexpress KNOX
genes (Evans, 2007), consistent with the reported role of AS1/
AS2 as a repressor of KINOX expression in leaf primordia (Lodha
et al., 2013). The maize BOP homolog TRUI is bound-and-
modulated by KN1 (Fig. S5; Bolduc ez al., 2012b). In Arabidop-
sis, BOP1 directly targets and activates expression of AS2in prox-
imal, adaxial regions of developing leaf primordia (Jun ez al,
2010). We hypothesize a similar interaction in maize, where

TRUI activates expression of /G during specification of the
blade/sheath boundary.

Co-expression network yields insight into ligule/auricle
patterning

A weighted gene co-expression network analysis (WGCNA;
Langfelder & Horvath, 2008) was constructed that incorporated
the data derived from 61 LM-RNAseq libraries from P4 (this
study) and P7 primordia (Johnston et 4/, 2014) from the inbred
line B73, P6 primordia data from /g/-R mutants that form dis-
rupted blade/sheath boundaries, and nonmutant siblings (John-
ston ¢t al., 2014), and P4, P6 and P7 data from /g2-R mutants
and nonmutant siblings (this study). This approach enabled the
classification of 23 912 gene transcripts (Fig. 4a; Dataset S17),
recapturing and supporting several of the gene expression nodes
and RNA 77 situ hybridization patterns described in Figs 2 and 3.
For example, Class I KNOX genes KNI, GN1, RSI, LG3, LG4,
KNOX5 and KNOXS reside in a module along with 1370 co-ex-
pressed genes, of which 170 were identified previously as KN1
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Fig. 4 Co-expression network analysis predicts gene functional interactions during proximodistal development of maize leaf primordia. (a) WGCNA of 61
leaf primordia LM-RNAseq libraries. Cyan module with LG7, LG2 and RAVL1 known ligule/auricle patterning genes cluster with late expressed genes
GLU1, DHN13,SLG1 and LRS7 (mistyrose module). Early patterning genes from the KNOX (blue), TRU7/ZmBOP (orange), IG7 (red) and ZHD (pink)
modules cluster together. (b, c) Longitudinal section through B73 leaf primordia P6 (b) and P7 (c) hybridized with DHN73 antisense RNA probe.
Arrowhead indicates adaxial accumulation in ligule/auricle region (bar, 200 um). (d, e) Longitudinal section through B73 leaf primordia P6 (d) and P7 (e)
hybridized with GLUT antisense RNA probe. Arrowhead indicates adaxial accumulation in ligule/auricle region (bar, 200 um). (f) Longitudinal section
through B73 shoot apex hybridized with GLUT antisense RNA probe. Arrowhead indicates adaxial accumulation in ligule/auricle region (bar, 200 um). (g)
Longitudinal section through /g7-R shoot apex hybridized with GLU7 antisense RNA probe. No adaxial GLU7 transcript accumulation detected in ligule/

auricle region (bar, 200 pm). (f, g) Asterisk, shoot apical meristem (SAM).
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target genes (Bolduc er 4/, 2012). These include ZmBOPb and
ZmCUC2 boundary genes. Similarly, TRUI, ZmBOPa, ZHD15,
ZHD3 and ZHD21 group with 76 co-expressed genes in a mod-
ule, suggesting there are genetic interactions between ZHD and
BOP genes.

A co-expression module of 270 genes comprises genes
expressed in P6-P7 primordia, including the ligule/auricle pat-
terning genes LGI, LG2 and ZmRAVLI, a direct target of
LGI (Tian er al, 2019; Fig. 4a). A nearby, interconnected co-
expression module of 184 genes contains the LGI and LG2
paralogs, SISTER OF LGI (SLGI) and LG RELATED
SEQUENCEI (LRSI1), DEHYDRIN13 (DHN13), and BETA
GLUCOSIDASE! (GLUI). SLGI is a candidate gene underly-
ing a quantitative trait locus (QTL) for tassel branch angle;
this phenotype suggests functional redundancy with LGI,
which is a regulator of tassel branch angle (Wu ez al, 2016).
Moreover, LRSI was recently described as a candidate gene
underlying a leaf angle QTL, suggesting a potential role in
ligule/auricle development (Dzievit et al, 2018). In situ
hybridization analyses of DHNI13 and GLUI showed transcript
accumulation specifically in the emerging ligule and preligule
band (Fig. 4b—e). Furthermore,
detected in the ligule region of /g/-R mutants, suggesting that
GLUI expression requires LG1 function (Fig. 4f,g).

Together, these data suggest that ligule/auricle outgrowth
during late (P6-P8) stages of blade—sheath boundary develop-
ment is associated with the closely connected co-expression
modules containing LGI, LG2, ZmRAVLI and related genes.
Interestingly, the module that includes KNOXs, ZHDs, CUC2
and ZmBOPs contains genes that comprise a transcriptional gra-
dient in proximal P4 microdomains (Fig. 2), although many of
these genes are also expressed later during ligule initiation at
P6-P7 (Johnston er al, 2014). Although this module is topo-
logically distant from the co-expression modules containing
LG1, LG2 and RAVLI implicated in ligule outgrowth (Fig. 4a),
these early and late modules are indirectly connected via inter-
mediates such as /G1, which is also expressed in P4 and P6-P7
(Fig. 3h—j; Evans, 2007; Johnston ez al., 2014). These data sug-
gest a model whereby early-acting coexpression modules gener-

GLUI transcripts are not

ate transcriptional gradients that create a proximodistal
prepattern in P4 leaf primordia. Subsequently, later-staged
expression modules elaborate the blade/sheath boundary in P6—
P7 primordia, reactivating expression of many of the same genes
utilized in proximal P4 microdomains.

A common theme in plant and animal development is the uti-
lization of a given gene regulatory network during several ontoge-
netic stages, from embryogenesis to adulthood and from
vegetative to floral development (reviewed by Gilbert, 2010).
Examples are also described for networks that function during
both early and later stages of organ development. For instance,
CYCLOIDEA (CYC) encodes a transcriptional factor that sup-
presses abaxial petal initiation eatly in the development of bilater-
ally symmetric snapdragon flowers (Luo er al, 1996).
Intriguingly, later in petal ontogeny CYC suppresses growth of
the dorsal domain of elaborated abaxial petals, giving rise to indi-
vidual petals that are internally asymmetric.

© 2020 The Authors
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The concept of prepatterned boundaries formed by transcriptomic
gradients within morphologically indistinct developmental fields, fol-
lowed by the refined localization and elaboration of specific boundary
structures later in organ development, can be investigated as a univer-
sal mechanism for patterning of developmental boundaries through-
out ontogeny. Transcriptomic network analyses, as presented here,
are foundational and will enable future genetic, proteomic,
metabolomic and other network comparisons that can be integrated
to explain molecular mechanisms of development. In particular, this
study provides a rich resource of candidate genes for reverse genetic
analyses and investigations of protein—protein and protein—-DNA
interactions during proximodistal patterning of maize leaves.
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