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Transcriptome analyses of leaf architecture in Sansevieria
support a common genetic toolkit in the parallel evolution of
unifacial leaves in monocots
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Planar structures dramatically increase the surface-area-to-volume ratio, which is
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critically important for multicellular organisms. In this study, we utilize naturally
occurring phenotypic variation among three Sansivieria species (Asperagaceae) to
investigate leaf margin expression patterns that are associated with mediolateral and
adaxial/abaxial development. We identified differentially expressed genes (DEGs)
Funding information between center and margin leaf tissues in two planar-leaf species Sansevieria subspi-
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cata and Sansevieria trifasciata and compared these with expression patterns within
the cylindrically leaved Sansevieria cylindrica. Two YABBY family genes, homologs of
FILAMENTOUS FLOWER and DROOPING LEAF, are overexpressed in the center leaf
tissue in the planar-leaf species and in the tissue of the cylindrical leaves. As meso-
phyll structure does not indicate adaxial versus abaxial differentiation, increased leaf
thickness results in more water-storage tissue and enhances resistance to aridity.
This suggests that the cylindrical-leaf in S. cylindrica is analogous to the central leaf
tissue in the planar-leaf species. Furthermore, the congruence of the expression pat-
terns of these YABBY genes in Sansevieria with expression patterns found in other
unifacial monocot species suggests that patterns of parallel evolution may be the
result of similar solutions derived from a limited developmental toolbox.
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1 | INTRODUCTION

this problem is to increase surface area by forming branches or reticu-

lations as found in respiratory, renal, and digestive organs. An alterna-

As all multicellular organisms increase in size, they encounter a com-
mon problem of a rapidly reduced surface to volume ratio. Demands
for energy, nutrients, and oxygen, as well as waste production, are
proportional to volume, whereas the capacity to transport material
into and out is constrained by surface area. One common solution to

tive solution is to reduce volume by forming flattened or laminar
structures such as found in leaves, flatworms, and elephant ears. In
each of these cases, the disproportionately large surface areas allow
for the increased ability to capture light, absorb food and exchange
gases, and disperse heat, respectively. In the case of non-smooth

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Plant Direct published by American Society of Plant Biologists and the Society for Experimental Biology and John Wiley & Sons Ltd.

Plant Direct. 2023;7:e511.
https://doi.org/10.1002/pld3.511

wileyonlinelibrary.com/journal/pld3 | 10f13


https://orcid.org/0000-0002-0048-4776
https://orcid.org/0000-0001-7691-2901
https://orcid.org/0000-0002-6337-7169
mailto:golenberg@wayne.edu
mailto:haow@wayne.edu
https://doi.org/10.1002/pld3.511
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/pld3
https://doi.org/10.1002/pld3.511
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpld3.511&domain=pdf&date_stamp=2023-08-07

GOLENBERG ET AL.

2 | \WILEY:

surfaces with repetitive invaginations or projections, localized growth
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and cell divisions can produce the nonuninform surface. In contrast,
laminar structures require coordinated growth of top and bottom sur-
faces to maintain a planar structure except in circumstances of single
cell thick organs such as bryophyte microphylls.

In land plants, true leaves or megaphylls are generally the primary
light capturing, photosynthetic organs, and are hypothesized to have
evolved from stems or branches (Beerling & Fleming, 2007). They
have two differentially defined surfaces, the adaxial (analogous to dor-
sal) and abaxial (analogous to ventral). These surfaces are usually dif-
ferentiated by cell shape and type. Similarly, the adaxial and abaxial
regions are differentiated molecularly by region-specific expression of
multiple genes (Satterlee & Scanlon, 2019). As inferred from studies in
the monocot Zea mays and the dicot Arabdopsis thaliana, orthologs of
AS1, AS2 (PHAN), and HD-ZIP Ill are expressed adaxially (Bowman
et al., 2002; Byrne et al., 2000; Garcia et al., 2006; Hay et al., 2006;
Huang et al., 2006; Kim et al., 2003; Li et al., 2005; Ueno et al., 2007;
Waites & Hudson, 1995), whereas ETTIN/ARF3 and KANADI are
expressed abaxially (Emery et al., 2003; Eshed et al., 2004; Izhaki &
Bowman, 2007; Mallory et al., 2004; Moon & Hake, 2011; Tsiantis &
Hay, 2003). The adaxial and abaxial defining proteins also negatively
regulate the expression of the alternative genes, thereby maintaining
the molecularly defined domains. It should be noted that these same
gene sets are expressed in the stems and ovules where the adaxial
genes are expressed centrally and the abaxial genes expressed mar-
ginally (Baker et al., 1997; Balasubramanian & Schneitz, 2002; Emery
et al.,, 2003; Sieber et al., 2004). In the laminar organs, adaxial and
abaxial surfaces come in contact at the edges of the lamina. Waites
and Hudson (1995) proposed that the juxtaposition of the two sur-
faces and their molecular components creates a unique regulatory

environment that controls the flat, marginal (mediolateral) growth of

the leaf. Mutant analysis, most notably the work on phan and phab
mutants, demonstrated that loss of either adaxial or abaxial identity
can result in radial, cylindrical leaves in the most extreme phenotypes
(McConnell et al, 2001; McConnell & Barton, 1998; Prigge
et al., 2005; Waites & Hudson, 1995; Williams et al., 2005). However,
similar phenotypes are not necessarily identified in different species
with mutations in orthologous genes. These results emphasize that
the genetic background may vary among species and can contextual-
ize the effects of single genes.

As an alternative approach, we investigated leaf margin expres-
sion patterns that are associated with mediolateral growth by using
naturally occurring phenotypic variation among congeneric species
and attempt to identify genetic mechanisms dictating the develop-
ment of leaf surface. Specifically, we generated and analyzed tran-
scriptome data from leaf tissue of Sansevieria subspicata, Sansevieria
trifasciata, and Sansevieria cylindrica (Figure 1). Sansevieria is a genus
of succulent plants from subSaharan Africa. Leaf morphologies vary
from pliable to rigid, flat to crescent to cylindrical, and thin to thick
(Koller & Rost, 1988). Leaf development varies both among species
and within species during development from bifacial, having both
adaxial and abaxial polarities, to unifacial, having a single polarity
(Stevenson, 1973). All species begin with a persistent radial leaf tip
that is abaxialized. Flat and crescent shaped leaves develop an adaxial
side beginning below the radial tip and extending basipetally
(Stevenson, 1973). Submarginal meristem cell develops from the lat-
eral sides of the medial adaxial meristem and can continue to divide
even as the central adaxial meristem ceases activity basipetally
(Stevenson, 1973). Depending of the species, cylindrical leaves may
have an adaxial grove that extends up the leaf face or may be absent
(Koller & Rost, 1988). Of particular note, even in flat, apparently bifa-

cial leaves, vascular bundles are arranged with the phloem oriented to

FIGURE 1 Three Sansevieria species
demonstrating different leaf morphologies.
(a) Sansevieria subspicata has long, flat, and
relatively narrow leaves. (b) Sansevieria
trifasciata has broad, flat leaves.

(c) Sansevieria cylindrica has long, cylindrical
leaves. Inserts in all figures show cross-
section of leaves from the associated
species and are oriented adaxial side up.
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either the closest surface or to the margins rather than being consis-
tently oriented toward to abaxial pole (Koller & Rost, 1988). Among
our sampled species, S. subspicata and S. trifasciata have crescent or
flat leaves. S. trifasciata has broad, pliable leaves, whereas
S. subspicata has narrower leaves. In contrast, S. cylindrica develops
thick, round, cylindrical leaves. First, by comparing gene expression
patterns between medial tissue and marginal tissue independently in
the flat-leaved species and then exploring for overlapping patterns,
we increase the potential for uncovering edge specific patterns while
reducing the focus on species-specific patterns. Second, by then
detecting congruence in gene expression pattern differences between
each of the flat-leaved species, S. subspicata and S. trifasciata, and the
cylindrical-leaved S. cylindrica, our analyses provide further characteri-

zation of genes associated with marginal growth emerges.

2 | MATERIALS AND METHODS

21 | Plant material

Three individual plants of S. subspicata were purchased from Glass-
house Works, Stewart, OH, USA. Three plants of S. trifasciata and
three plants of S. cylindrica were purchased from English Gardens,
Dearborn Heights, MI, USA. Plants are maintained in a greenhouse at
Wayne State University.

2.2 | RNA extraction and transcriptome
sequencing

Fresh leaf tissue from all three species was harvested by cutting sec-
tions of young leaves with a razor blade. In the case of S. subspicata
and S. trifasciata, the leaf sections were then cut to collect approxi-
mately 1 cm? of tissue from the center of the leaf and tissue from
approximately 2 mm width at the margins of the leaf. All leaf center
sections had samples of adaxial and abaxial epidermal tissue along
with mesophyll tissue. In the case of the marginal tissue, all three tis-
sue types, adaxial epidermal, abaxial epidermal, and some mesophyll
tissue, were present, along with the unique edge tissue. In the case of
the S. cylindrica leaf, a single sample was collected from each leaf con-
sisting of the epidermal tissue and 2 mm of mesophyll. There was no
tissue sample comparable with the central leaf blade tissue due to the
shape of the leaf. Approximately 100-150 mg of tissue was used to
extract RNA. In the case of S. subspicata and S. cylindrica, the tissue
was ground in a mortar and pestle with liquid nitrogen, and RNA was
extracted using Qiagen RNeasy Plant Mini Extraction Kit following
the manufacturer’s protocol. S. trifasciata proved to be more recalci-
trant to extracting sufficient quantities and qualities of RNA. Success-
ful RNA extractions from S. trifasciata were achieved using ZR Plant
RNA MiniPrep Kits (Zymo Research, Orange, CA, USA) following man-
ufacturer’s protocol. cDNA libraries were constructed and sequenced
by BGI (Hong Kong) using DNBseq platform producing 100-bp paired
end reads.
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2.3 | De novo assembly, differential expression
analysis, and gene ontology (GO)

Raw RNA-seq reads (pair-end 100 bp) were processed using the
FASTP program (Chen et al., 2018) to filter low quality data. Filtered
sequencing reads were assembled into contigs using rnaSPAdes
(Bushmanova et al., 2019). Initial de novo assembly was done individ-
ually on each sample. The samples with high coverage and N50 were
used as the reference for subsequent mapping analysis. For
S. trifasciata and S. subspicata references, samples of the center and
marginal tissue from the same plant were merged to build reference
contigs to include any tissue-specific transcripts. Open reading frames
(ORFs) were predicted using the TransDecoder program in Trinity
(Grabherr et al., 2011).

There are 53,380 predicted ORFs in S. subspicata, 38,571 in
S. trifasciata, and 42,154 in S. cylindrica. Sequence similarity search
was performed using the predicted ORFs against curated protein
sequences from the UniProt database (Wu et al., 2006). This
was done locally using the BLASTP option in the DIAMOND
program (Buchfink et al, 2015). Homologs were defined using
an E-value cutoff <107%° and homologs of reciprocal best hit
(RBH) between species were deemed as orthologs. GO term was
assigned following the best BLAST hit. Raw sequencing reads were
mapped to the corresponding assembled contigs using Bowtie2
(Langmead & Salzberg, 2012). Read coverage for each annotated
ORF was generated using BEDtools (Quinlan & Hall, 2010).
Differential gene expression between center and margin tissues
and between different species was determined using DEseq2 (Love
et al, 2014). Genes of interest were subject to further phyloge-
netic analysis. Homologous protein sequences were aligned
using MUSCLE (Edgar, 2004). Phylogenetic trees were constructed
using PhyML (Guindon et al, 2010) under a JTT 4 I' substitution
model.

2.4 | DNA extraction and PCR testing

Approximately 200 mg of leaf tissue from each species was dis-
rupted with zirconium oxide beads in 1 ml of CTAB extraction
buffer (2% CTAB, 100-mM Tris HClI pH 8.0, 20-mM EDTA
pH 8.0, 1.4-M NaCl). The lysate was mixed with 1 volume phenol/
chloroform/isoamyl alcohol (25:24:1) and centrifuged for 5 min. The
aqueous layer was transferred to a clean tube and extracted once
with chloroform/isoamyl alcohol (24:1). The aqueous layer was again
transferred to a clean tube, and the DNA was precipitated with
2 volumes of 95% ethanol. The ethanol was removed, and the DNA
was air-dried before reconstituting in 100-ul H,O. Primers were
designed from conserved sequences from S. spicate and S. trifasciata
from the genes of interest. Primers are listed in Table S1. Polymer-
ase chain reaction (PCR) reactions were generated using Promega
2X Go Taq Master Mix and 5-uM primers. PCR products were sepa-
rated on a 1.5% synergel/agarose TBE gel and scored for presence/

absence.
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Center tissue Marginal tissue

Sansevieria cylindrica 3*
Sansevieria subspicata 3
Sansevieria trifasciata 5 4

*No separation between center tissue and marginal tissue in cylindrical leaves.

FIGURE 2 Venn diagram of shared orthologs among Sansevieria
cylindrica (Scy), Sansevieria subspicata (Ssp), and Sansevieria trifaciata
(Str).

3 | RESULTS

3.1 | Sequences and de novo assembly
The total assembled transcripts are 107,536,784 bp in S. cylindrica,
152,095,569 bp in S. subspicata, and 89,586,756 bp in S. trifasciata
(Table 1). The transcriptome assemblies of the laminar-bladed
S. subspicata and S. trifasciata show a large difference in both contig
number of total contig length, while N50 values are similar. Sequences
with extreme, particularly low GC content are known to exhibit
under-coverage in sequencing (Browne et al., 2020). This does not
seem to be the case as the average GC content is comparable among
the thee species, ranging from 40.47% in S. subspicata to 42.47% in
S. trifasciata. Thus, the relatively low number of contigs and predicted
genes in S. trifasciata cannot be simply explained by sequencing bias.
Shared orthologs were identified based on reciprocal best BLAST
hits (see methods); 13,240 orthologous transcripts are shared among
all three species. Orthologous transcripts shared by just two species
are 5472 between S. subspicata and S. trifasciata, 5036 between
S. cylindrica and S. subspicata, and 3826 between S. cylindrica and
S. trifasciata. This shows that the two species with flat leaves share

Contig number Contig length (bp) N50 GC%
162,525 107,536,784 1432 41.07
221,617 152,095,569 1538 40.47
127,289 89,586,756 1541 42.47

the most orthologs, despite the lowest number of total assembled

transcripts in S. trifasciata (Figure 2).

3.2 | Differential gene expression between center
and margin leaf tissues

All predicted genes were analyzed to identify genes differentially
expressed between the center and marginal leaf tissues in
S. trifasciata and S. subspicata, respectively. There are 53 differentially
expressed genes (DEGs) between the center and margin leaf tissue
samples in S. subspicata (Figure 3a). Among the 53 DEGs in
S. subspicata, 15 DEGs are downregulated in margin tissue and
38 DEGs are upregulated in margin tissue. Forty of the 53 (75%)
DEGs in S. subspicata have BLAST hits with E values < 10719 in the
UniProt database. These are listed in Table S1. Ten genes were differ-
entially expressed in S. trifasciata. Among the 10 DEGs in S. trifasciata,
six DEGs are downregulated in margin tissue, and four DEGs are upre-
gulated in margin tissue (Figure 3b). Six DEGs in S. trifasciata have
BLAST hits with E values < 107° in the UniProt database (Table 51).
Among the 10 S. trifasciata DEGs, only one DEG (Str032566.p1) has
RBH with S. subspicata DEG (Ssp023299.p1) (Table S1).

The Gene Ontogeny (GO) terms were exacted for the 40 DEGs
that have matches in the UniProt database and visualized using the
REViIGO website (Supek et al., 2011). The enriched functions involve
metabolic processes, cellular responses, ion transport, cell wall organi-

zation, and cell division (Figure 4).

3.3 | Comparative gene expression analysis of
DEG orthologs in other Sansevieria species

The expression profiles of DEG orthologs were compared among the
three species. Among the 53 DEGs in S. subspicata, 27 of them have
orthologs in S. trifasciata. We identified the fold change in expression
of the 27 genes in each species and compared them between species.
The fold change between center and margin leaf tissues is significantly
correlated between S. subspicata and S. trifasciata (r = .92,
p value = 1.24 x 10~ (Figure 5a). In comparison, the correlation
coefficient (r) in all shared orthologs (n= 18,712) between
S. subspicata and S. trifasciata is .35, which is significantly lower than
that in the orthologous pairs of DEGs (Figure 5b,c).

We further compared the expression of DEG orthologs (n = 15,
Table S2) shared by all three species. Given that S. cylindrica lacks a
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FIGURE 3 Volcano plot showing (a)
differentially expressed genes (DEGs)
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Ssp

between center and margin leaf
tissues (a) in Sansevieria subspicata °
(Ssp) and (b) in Sansevieria trifaciata
(Str). Fold change is the comparison
of margin tissue against center tissue.
Red dots indicate significant DEGs,
n=>53inSspandn = 10in Str.
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FIGURE 4 REVIGO semantic
similarity scatterplot of the Gene
Ontogeny (GO) enrichment of
significantly expanded orthogroups in
Sansevieria subspicata. Color indicates p
values from the differential expression
analysis, and bubble size indicates the
relative frequency of the GO terms in the
differentially expressed genes.
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flat blade margin, we wished to test whether or not the S. cylindrica
margin transcriptome was comparable in DEGs to center tissue of the
two flat-leaved congeners. There is significant correlation between
the fold change between center and margin leaf tissues in
S. subspicata and the fold change between S. cylindrica and the margin
leaf tissue in either S. subspicata or S. trifasciata (Figure 6). The expres-
sion profile of DEG orthologs in S. cylindrica is center-leaf tissue like.
These results indicate that the margin tissue in S. cylindrica is analo-

gous to the central leaf tissue in the two congeneric species and

s

-

Q. 10
semantic space Y

suggest that the loss of flat-leaf development is consistent with the

loss of marginal tissue expression patterns found in flat leaves.
3.4 | Presence of genes in developmental axes
among all three Sansevieria species

Many genes in developmental axes in plants (adaxial/abaxial, proxi-

mal/distal, and medial/lateral) have been discovered (Satterlee &
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FIGURE 5 Strong correlation of center-versus-margin fold changes (in log values) between DEGs in Sansevieria subspicata (Ssp) and their
orthologs in Sansevieria trifasciata (Str). (a) Plot of log fold change between differentially expressed gene (DEG) orthologous pairs (r = .92, p
value = 1.2 x 10~12). (b) Plot of log fold change between all shared orthologs between Ssp and Str (r = .35, p value < 2.2 x 10%¢).

(c) Distribution of correlation coefficient values for 10,000 randomly selected gene sets with 26 orthologs in each set. The observed r = .92 is

labeled.
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Scanlon, 2019). We have searched the known protein genes in devel-
opmental axes against the Sansevieria transcriptomes (Table 2). All
searched genes have BLASTP matches in each of the three Sansevieria
transcriptomes, and the E values are remarkably similar among
the three species. Thus, there is no evidence that the loss of flat
leaf morphology in S. cylindrica is due to the loss of genes in
developmental axes.

3.5 | Absence of DEG orthologs in S. cylindrica

We next sought to determine whether homologs of all DEGs identified
in S. subspicata are found in the transcriptomes of the two other
Sansevieria species. All 53 DEGs in S. subspicata have BLASTP matches
in the S. trifasciata transcriptome. All, but one, DEGs in S. subspicata
have BLASTP matches in the S. cylindrica transcriptome. The sole

S. subspicata DEG lacking BLASTP matches in S. cylindrica does not

Log2FC (margin—-over—center) in Ssp

have detectable BLASTP matches in the UniProt database. Additional
search in the NCBI nr database found its top BLASTP match to the
TAC1 (Tiller Angle Control 1) protein in date palm, Phoenix dactylifera
with an E value of 5e-14. The TAC1 protein is known to be associated
with the development of leaf angle (Waite & Dardick, 2018).

As genes identified as homologs in BLASTP sequence searches
may either be strict orthologs or paralogs, we conducted phylogenetic
analyses on the subset of 40 DEGs that have matches in the UniProt
database. Arabidopsis thaliana was included as an outgroup for identifi-
cation of orthologous sequences. There are five DEGs that do not have
detectable orthologs in the S. cylindrica transcriptome (Figure 7b and
Figure S2). As an illustration, three MAC proteins (Scy039505.p1,
Str026404.p1, and Ssp020447.p1) cluster within a single clade in
Figure 7a. In contrast, in Figure 7b, Str032196.p1 and Ssp034423.p1
cluster, but no transcript was found in S. cylindrica. These DEGs include
known plant-specific transcription factor Crabs Claw (CRC) and RAX2.
CRC belongs to the YABBY gene family, whose members have been
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TABLE 2 BLASTP E values of genes in developmental axes against transcriptomes of Sansevieria subspicata (Ssp), S. trifasciata (Str), and

S. cylindrica (Scy).

Information of query sequences

Gene Full name

STM Shootmeristemless

BP Brevipedicellus

KNAT2 -

KNAT6 -

AS1 Asymmetric Leaves1

AS2 Asymmetric Leaves2

PHB Phabulosa

REV Revoluta

PHV Phavoluta

ARF3 Ettin/Auxin Response Factor3
ARF4 Ettin/Auxin Response Factor4
MP Monopteros

KAN Kanad

PIN1 Pin-Formed1

PRS Pressed Flower

WOX1 Wouschel-Like Homeobox1
cucz Cup-Shaped Cotyledon2

TCP Teosinte Branched1/Cincinnata/Proliferating Cell Factor
NGA Ngatha

FIL Filamentous Flower

YAB3 YABBY3

YAB5 YABBY5

BOP1 Blade On Petiolel

BOP2 Blade On Petiole2

associated with laminar leaf development (Sarojam et al, 2010;
Yamaguchi et al., 2012). RAX2 (Regulator of Axillary Meristems 2) belongs
to the MYB family and is associated with the establishment of stem cells
in axillary regions (Keller et al., 2006; Miller et al., 2006). Therefore, the
lack of these DEG orthologs in its transcriptome may play an important
role in the development of cylindrical leaf shape in S. cylindrica.

To test whether the absence of an S. cylindrica transcript in each of
these five genes is due to a deletion of the gene or a lack of transcrip-
tion, PCR primers were designed for each gene based on sequences
that are absolutely conserved between S. subspicata and S. trifasciata.
We found PCR products from all five genes in independent replicate
DNA extractions from each of the three species. On the basis of these
results, we proposed that these genes are present in the genomes of all

three species but are not activated in S. cylindrica.

4 | DISCUSSION

Land plants and angiosperms in particular display an impressive range

of phenotypic variation in their vegetative organs. Much of this

Accession Ssp Str Scy
Q38874 2.86E-40 2.26e-36 6.36e-37
P46639 6.35E-40 4.73e-33 3.50e-33
P46640 7.35E-36 5.73e-36 2.69e-36
Q84Js6 4.37E-36 1.87e-32 1.60e-32
080931 5.93E-138 1.02e-138 2.91e-132
004479 1.69E-58 1.56e-58 5.41e-39
004291 .0 0 .0
Q9SE43 .0 .0 .0
004292 .0 .0 .0
023661 .0 .0 .0
Q9ZTX9 .0 0 .0
P93024 7.05e-163 9.56e-163 3.18e-163
Q93WJ9 4.55e-62 1.19e-63 3.36e-63
Q9sL42 3.22e-66 2.54e-66 2.56e-66
Q9siB4 1.96e-12 1.32e-12 1.38e-12
Q6X7KO0 4.49e-14 3.60e-14 2.3%e-14
004017 1.74e-82 4.08e-83 2.30e-59
Q93WI2 3.72e-16 2.70e-16 2.65e-16
082799 6.17e-71 5.31e-72 1.50e-52
022152 1.06e-53 3.75e-84 1.91e-53
Q9XFB1 2.22e-56 4.39e-83 4.75e-56
Q8GW46 1.14e-68 7.22e-68 3.48e-68
QoM117 7.20e-135 0 .0
Q9zvC2 3.92e-140 .0 .0

variation may occur within a single individual as the organism
responds to environmental cues to change the morphology of newly
emerging organs by alternative gene expression patterns. This inher-
ent developmental flexibility can be the basis for fixed phenotypic var-
iation when elements in gene expression modules are modified
through mutation and being, themselves, fixed in the population
through selection or drift. Changes in single upstream regulator ele-
ments can lead to changes in whole expression module profiles with-
out further widespread mutational variation. Therefore, comparative
transcriptome studies within closely related clades displaying striking
morphological variation can prove to be highly informative of univer-
sal developmental processes and can be viewed as complementary to
classic mutant analyses.

The genus Sansevieria is native to tropical Africa and grows in dry
and rocky habitats. All species within the genus are considered to be
succulents having relatively thick, leathery leaves. In particular, meso-
phyll structure in Sansevieria characterized by the absence of photo-
synthetic cells and the extensive organization of dead, water retaining
and living, non-photosynthetic network cell. The extent and thickness
of this water-retention tissue is correlated with the aridity of the
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FIGURE 7 Phylogenetic trees of gene families of two differentially expressed genes (DEGs) in Ssp (labeled with *). The three Sansevieria
species are in different colors, and homologs in Arabidopsis thaliana are in black. (a) Genes in the MAC/perforin domain-containing protein family
show the presence of DEG Ssp020447.p1 orthologs in all three Sansevieria species. (b) Genes related to CRC (CRABS CLAW) in the plant-specific
transcription factor YABBY family miss the ortholog of DEG Ssp034423.p1 in Scy. Only bootstrap values >70 are shown.

individual species native habitat (Koller & Rost, 1988). As such, the
variant morphology of S. cylindrica may be considered to be an
extreme, water-conserving phenotype as its cylindrical leaves reduce
the surface to volume ratio found in its close relatives while increasing
its water retention ability. In this study, we focused on its loss of edge
in comparison with its laminar-bladed relatives.

Within monocots, radial, unifacial leaf development has evolved
independently multiple times and appears to follow similar develop-
ment steps (Sajo & Rudall, 1999; Yamaguchi et al., 2010; Yamaguchi
et al., 2012). The leaves can be ensiform or laminar; however, the vas-
cular bundles are generally radially arranged with the xylem oriented
to the center of the leaf reflecting an abaxial identity (Yamaguchi
et al., 2010). Sansevieria species develop leaves that initiate with a
radial, abaxial tip (Koller & Rost, 1988; Stevenson, 1973). Stevenson
(1973) does describe a distribution of dividing cells on the adaxial side
but not on the abaxial side in S. trifasciata. However, in flattened
leaved Sansevieria species, there is no differentiation in stomatal distri-
bution on either side of the leaf, there is no distinct adaxial/abaxial
differentiation in the mesophyll, and the vascular bundles are arranged
such that the phloem faces the adjacent leaf surface or the leaf margin
(Koller & Rost, 1988). As such, even in laminar Sansevieria species,
there is no strong adaxial/abaxial differentiation as is found in other
monocot and eudicot leaves.

Previous seminal studies on leaf development identified key axis-
polarity genes that distinguished adaxial and abaxial domains
(Bowman et al, 2002; Canales et al, 2005; Kim et al., 2003;
McConnell et al, 2001; McConnell & Barton, 1998; Prigge

et al., 2005; Waites et al., 1998; Williams et al., 2005). Leaf primordia
originate when the MYB protein PHAN suppresses KNOX protein sup-
pression of cell differentiation and establishes adaxial polarity on the
primordium. The adaxial domain and fate are determined and main-
tained by the expression of the class Ill homeodomain-leucine zipper
(HD-ZIPIII) PHAB (McConnell et al., 2001; McConnell & Barton, 1998;
Prigge et al., 2005) Abaxial identity is determined by the expression of
KANADI and ARF3/ETT genes and appears to be the default identity.
The adaxial and abaxial components suppress the expression of the
alternative component, such that a dominant phb mutant adaxializes
the leaf resulting in a tubular organ containing a vascular cylinder with
xylem surrounding a phloem core (Waites & Hudson, 1995), whereas
a recessive phan mutant produces tubular organs with a vascular cyl-
inder having phloem surrounding a xylem core (Bowman et al., 2002).
These observations led Waites and Hudson to hypothesize that lami-
nar or planar growth results from the juxtaposition of the adaxial and
abaxial components (Waites & Hudson, 1995). Subsequently, lateral
expansion was associated with several YABBY genes that are acti-
vated at the margins (Bowman et al., 2002; Eshed et al., 2004).

As listed in Table 2, the major adaxial/abaxial genes appear to
have homologs that are expressed in all three Sansevieria species. It is
noteworthy that few of these genes are identified among the DEGs
reported here. By comparing tissue samples from the blade center to
leaf margin in both S. trifasciata and S. subspicata independently and
then comparing these with the expression pattern in S. cylindrica, we
may have either eliminated or repressed detection of differential

expression in canonical adaxial/abaxial genes as both sets of genes
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TABLE 3 Clustering of annotated genes by related biological
function.

Biological function Gene

Cell wall structure and remodeling
MIK2
OCT3
E13B
WAT1
COMT1

Pathogen resistance
MIK2
GATA
WRKY
GLDH
NPR
MACP1
E13B
PK4B
EIX1

Hormone response
GATA
WRKY
GLDH
NPR
MACP1
LHW
LAX2

are expected to be found in the leaf center tissue and near-margin tis-
sue sampled in both flat-leaved species. However, two YABBY family
genes (listed as Ssp034423 and Ssp038799 in Table S2) are among
the annotated DEGs found in S. subspicata that are downregulated in
the leaf margin. These genes are orthologous to Oryza sativa genes
DROOPING LEAF (DL) and FILAMENTOUS FLOWER (FIL), respectively.
DL controls the formation of the midrib through enhancing cell
proliferation and is involved in proper formation of the auricle in
grass leaves (Ishikawa et al., 2009; Kang et al., 2022; Nagasawa
et al, 2003; Ohmori et al, 2011; Strable et al., 2017; Yamaguchi
et al,, 2004). It is homologous to the Arabidopsis gene CRABS CLAW
that is expressed abaxially in carpels (Eshed et al., 1999). While also
functioning in the formation of flower organs in rice (Yamaguchi
et al., 2004), its role in midrib formation is shared in several grasses
(Ishikawa et al., 2009). In Juncus prismatocarpus, the unifacial leaf
blade is flattened due to the expression of DL that results in flatten-
ing along the adaxial/abaxial plane rather than the medial/marginal
plane (Yamaguchi et al., 2010). As described above, in all Sansevieria
species, the central mesophyll tissue is composed of dead, water
storage cells within a network of living parenchymal cells (Koller &
Rost, 1988). The thickness of the mesophyll corresponds with the
aridity of the species’ natural environment. It is reasonable to
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speculate that DL expression in Sansevieria is functioning to enhance
mesophyll development as part of specific development of succulent
leaf morphology. Therefore, our results in Sansevieria suggest that
the role of DL in thickening the mesophyll is conserved with other
monocots. However, it must be noted that whether the downregula-
tion of DL in Sansevieria leaf margins reflects upregulation of cell pro-
liferation in the mesophyll or is the result of increased mesophyll-
specific sampling from center leaf tissue cannot be distinguished in
our results.

The second YABBY family gene, FIL, has also been demonstrated
to confer abaxial identity in meristems. The gene'’s function was ini-
tially identified primarily by flower phenotypes (Chen et al., 1999;
Sawa et al., 1999). However, it has been shown to play a role in abax-
ial identity in meristems and leaves. Ectopic expression of FIL results
in filamentous leaves with randomly arrange cells at the leaf margins
(Sawa et al., 1999). In Tropaeolum majus, expression of FIL contributed
to the abaxialization of the upper leaf surface, peltate leaf develop-
ment, and radialization of the petiole (Gleissberg et al., 2005). These
and other studies (Vosnakis et al., 2012) lead us to suggest that the
reduced marginal expression of FIL reflects a strong abaxialization of
unifacial leaves in Sansevieria and that radical modification of FIL
expression plays a role in the loss of laminar leaf development in
S. cylindrica.

Auxin regulatory genes have also been associated with leaf
margin-specific growth (reviewed in Satterlee & Scanlon, 2019).
YUCCA genes are involved in the biosynthesis of auxin and are upre-
gulated in leaf margins (Wang et al, 2011). Two auxin pathway-
related genes are identified among our DEGs, homologs of the LHW
and LAX genes. LHW, the homolog of which is upregulated in Sansevie-
ria leaf margins, interacts with TOM5 and upregulates YUCCA expres-
sion in Araidopsis (Ohashi-lto et al., 2019). It also modulates
expression of auxin movement proteins such as PIN1 and MP (Ohashi-
Ito et al., 2013). In contrast, the LAX2 Sansevieria homolog is downre-
gulated in the leaf margin. The LAX2 protein is an auxin influx protein
and, together with PIN1, pumps auxin to localizations of high concen-
trations (Swarup & Péret, 2012). Thus, these results appear to be
inconsistent, although they may reflect differential roles for genes
within the protein families that allow for patterns of spatial
differentiation.

Further perusal of the DEG list shows that many of the DEGs that
were annotated appeared to cluster in three functional groups: cell
wall formation and remodeling, pathogen resistance, and salicylic acid
(SA) or related hormone response (Table 3). These functions are not
independent. For example, MIK2 is a leucine rich receptor kinase that
interacts with Serine-rich Endogenous Peptide (SCOOP) associated
with fungal species Fusarium and bacterial family Comamonadaceae
(Hou et al., 2021) and therefore may be part of the immune response.
MIK2 is also involved in response to cellulose wall deposition inhibi-
tion and in JA accumulation and lignin deposition (Ma et al., 2009;
Stahl et al., 2022; Van der Does et al., 2017). Van der Does et al.
(2017) suggest that the root angle phenotype of the MIK2-1 mutant
may reflect a loss of sensitivity to neighboring cell wall to cell wall

feedback loop. We speculate that similar cell wall to cell wall
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cells at the leaf margin. Additional genes that are involved in cell wall
structure include COMT1 (affects lignin deposition-upregulated)
(Ma, 2009; Stahl et al., 2009), WAT1 (responds to auxin levels, fungal
pathogen resistance-down regulated) (Denancé et al., 2010; Hanika
et al., 2021; Molina et al., 2021; Ranocha et al., 2013), E13B (glucan
endo-1,3-beta-D-glucosidase-downregulated) (Hrmova &
Fincher, 2001), and OCT3 (interacts with ethylene response factors to
downregulate cell wall modifications-upregulated) (Kiufner &
Koch, 2008). Thus, cell wall modification, pathogen resistance, and
hormone response, all of which are represented in the DEGs, may all
be responding to identical regulatory signals.

Lastly, our analyses uncovered five gene transcripts, with ortho-
logs in S. subspicata and S. trifasciata for which we did not detect any
transcripts in S. cylindrica. Surveying the genomic DNAs of
S. cylindrica, S. subspicata, and S. trifasciaa by PCR detected identically
sized fragments in all three species. This indicates that orthologs are
present in all three genomes. If so, then these five gene are active in
the margin determination pathway and are all suppressed or not acti-
vated in cylindrical leaves. Hence, these genes may be important
downstream, modeling factors in leaf margin formation and may be
worthy of further study.

Our results at least partially support the Waites and Hudson
hypothesis that margin-specific regulatory factors at their juxtaposi-
tion of leaf faces generate novel regulatory modules to promote
growth at the margins. However, Sansevieria species develop leaves
that are initially, if not continuously, unifacial. In these species, it
appears that the YABBY family genes are critical in promoting
increased mesophyll development and abaxial identity in the leaf
center. Indeed, the cylindrical leaf in S. cylindrica demonstrates
comparable gene expression patterns to the center leaf tissue of
S. trifasciata and S. subspicata. The congruence of these center
leaf developmental patterns with other monocot species suggests
that patterns of parallel evolution may be the result of similar
solutions derived from a limited developmental toolbox. Here,
we hypothesize that these parallel developmental patterns may
reflect more universal downstream factors that are either directly or
indirectly controlled by a limited number of major regulatory

elements.

AUTHOR CONTRIBUTIONS

EMG contributed to the design of the research, acquisition of the
data, analysis of the data, interpretation of the results, and writing of
the manuscript. AP contributed to the design of the research and
interpretation of the results. WH contributed to the design of the
research, analysis of the data, interpretation of the results, and writing
of the manuscript.

ACKNOWLEDGMENTS

The authors are grateful for the grid computing service from
Computing and Information Technology of Wayne State University.
This research was supported by the National Science Foundation
(#1838291).

CONFLICT OF INTEREST STATEMENT

The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT

The datasets generated and/or analyzed during the current study are
available in the Sequence Read Archive (SRA repository), under the
Accession number PRINA925460 at NCBI.

ORCID
Edward M. Golenberg "= https://orcid.org/0000-0002-0048-4776
Aleksandar Popadic 2 https://orcid.org/0000-0001-7691-2901

Weilong Hao "= https://orcid.org/0000-0002-6337-7169

REFERENCES

Baker, S. C., Robinson-Beers, K. Villanueva, J. M., Gaiser, J. C., &
Gasser, C. S. (1997). Interactions among genes regulating ovule
development in Arabidopsis thaliana. Genetics, 145, 1109-1124.
https://doi.org/10.1093/genetics/145.4.1109

Balasubramanian, S., & Schneitz, K. (2002). NOZZLE links proximal-distal
and adaxial-abaxial pattern formation during ovule development in
Arabidopsis thaliana. Development, 129, 4291-4300. https://doi.org/
10.1242/dev.129.18.4291

Beerling, D. J., & Fleming, A. J. (2007). Zimmermann’s telome theory of
megaphyll leaf evolution: A molecular and cellular critique. Current
Opinion in Plant Biology, 10, 4-12. https://doi.org/10.1016/j.pbi.
2006.11.006

Bowman, J. L., Eshed, Y., & Baum, S. F. (2002). Establishment of polarity in
angiosperm lateral organs. Trends in Genetics, 18, 134-141. https://
doi.org/10.1016/50168-9525(01)02601-4

Browne, P. D., Nielsen, T. K., Kot, W., Aggerholm, A., Gilbert, M. T. P,,
Puetz, L., Rasmussen, M., Zervas, A., & Hansen, L. H. (2020). GC bias
affects genomic and metagenomic reconstructions, underrepresent-
ing GC-poor organisms. Gigascience, 9. https://doi.org/10.1093/
gigascience/giaa008

Buchfink, B., Xie, C., & Huson, D. H. (2015). Fast and sensitive protein
alignment using DIAMOND. Nature Methods, 12, 59-60.

Bushmanova, E., Antipov, D., Lapidus, A., & Prjibelski, A. D. (2019). rnaS-
PAdes: A de novo transcriptome assembler and its application to
RNA-Seq data. Gigascience, 8, 100. https://doi.org/10.1093/
gigascience/giz100

Byrne, M. E. Barley, R, Curtis, M., Arroyo, J. M. Dunham, M,
Hudson, A., & Martienssen, R. A. (2000). Asymmetric leavesl
mediates leaf patterning and stem cell function in Arabidopsis. Nature,
408, 967-971. https://doi.org/10.1038/35050091

Canales, C., Grigg, S., & Tsiantis, M. (2005). The formation and patterning
of leaves: Recent advances. Planta, 221, 752-756. https://doi.org/
10.1007/s00425-005-1549-x

Chen, Q., Atkinson, A., Otsuga, D., Christensen, T. Reynolds, L., &
Drews, G. N. (1999). The Arabidopsis FILAMENTOUS FLOWER gene
is required for FLOWER formation. Development, 126, 2715-2726.
https://doi.org/10.1242/dev.126.12.2715

Chen, S., Zhou, Y., Chen, Y., & Gu, J. (2018). Fastp: An ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics, 34, i884-i890. https://doi.org/
10.1093/bioinformatics/bty560

Denancé, N., Ranocha, P., Martinez, Y., Sundberg, B., & Goffner, D. (2010).
Light-regulated compensation of wat1 (walls are thin1) growth and
secondary cell wall phenotypes is auxin-independent. Plant Signal-
ing & Behavior, 5, 1302-1304. https://doi.org/10.4161/psb.5.10.
13103

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with high accu-
racy and high throughput. Nucleic Acids Research, 32, 1792-1797.
https://doi.org/10.1093/nar/gkh340

QSUSOIT SUOWIWIO)) 9ATEAI) d[qear[dde oY) AQ PauIdA0S 18 SO[OIE Y SN JO SN 10§ AIRIqIT SUIUQ) AJ[IA\ UO (SUOHIPUOI-PUB-SULIA) W0 K[ 1M ATRIQI[AuI[U0//:sd)Y) SUONIPUO)) pue SWId ] Y} S "[§707/€0/S0] U0 AreiqrT auruQ A[IA ‘11 €PId/Z001°01/10p/ w0 A1m ATeIqraur[uo//:sdiy woiy papeoumo( ‘8 ‘€70z ‘SShrSLT


https://orcid.org/0000-0002-0048-4776
https://orcid.org/0000-0002-0048-4776
https://orcid.org/0000-0001-7691-2901
https://orcid.org/0000-0001-7691-2901
https://orcid.org/0000-0002-6337-7169
https://orcid.org/0000-0002-6337-7169
https://doi.org/10.1093/genetics/145.4.1109
https://doi.org/10.1242/dev.129.18.4291
https://doi.org/10.1242/dev.129.18.4291
https://doi.org/10.1016/j.pbi.2006.11.006
https://doi.org/10.1016/j.pbi.2006.11.006
https://doi.org/10.1016/S0168-9525(01)02601-4
https://doi.org/10.1016/S0168-9525(01)02601-4
https://doi.org/10.1093/gigascience/giaa008
https://doi.org/10.1093/gigascience/giaa008
https://doi.org/10.1093/gigascience/giz100
https://doi.org/10.1093/gigascience/giz100
https://doi.org/10.1038/35050091
https://doi.org/10.1007/s00425-005-1549-x
https://doi.org/10.1007/s00425-005-1549-x
https://doi.org/10.1242/dev.126.12.2715
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.4161/psb.5.10.13103
https://doi.org/10.4161/psb.5.10.13103
https://doi.org/10.1093/nar/gkh340

GOLENBERG ET AL.

Emery, J. F., Floyd, S. K., Alvarez, J., Eshed, Y., Hawker, N. P., Izhaki, A.,
Baum, S. F., & Bowman, J. L. (2003). Radial patterning of Arabidopsis
shoots by class Ill HD-ZIP and KANADI genes. Current Biology, 13,
1768-1774. https://doi.org/10.1016/j.cub.2003.09.035

Eshed, Y., Baum, S. F., & Bowman, J. L. (1999). Distinct mechanisms pro-
mote polarity establishment in carpels of Arabidopsis. Cell, 99, 199-
209. https://doi.org/10.1016/50092-8674(00)81651-7

Eshed, Y., Izhaki, A.,, Baum, S. F., Floyd, S. K., & Bowman, J. L. (2004).
Asymmetric leaf development and blade expansion in Arabidopsis are
mediated by KANADI and YABBY activities. Development, 131, 2997-
3006. https://doi.org/10.1242/dev.01186

Garcia, D., Collier, S. A., Byrne, M. E., & Martienssen, R. A. (2006). Specifi-
cation of leaf polarity in Arabidopsis via the trans-acting siRNA path-
way. Current Biology, 16, 933-938. https://doi.org/10.1016/j.cub.
2006.03.064

Gleissberg, S., Groot, E. P., Schmalz, M., Eichert, M., Kolsch, A., & Hutter, S.
(2005). Developmental events leading to peltate leaf structure
inTropaeolum | (Tropaeolaceae) are associated with expression
domain changes of a YABBY gene. Development Genes and
Evolution, 215, 313-319. https://doi.org/10.1007/s00427-005-
0479-8

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A,
Amit, |, Adiconis, X., Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z.,
Mauceli, E., Hacohen, N., Gnirke, A., Rhind, N., di Palma, F.,,
Birren, B. W., Nusbaum, C., Lindblad-Toh, K., ... Regev, A. (2011).
Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nature Biotechnology, 29, 644-652. https://doi.
org/10.1038/nbt.1883

Guindon, S., Dufayard, J., Lefort, V., Anisimova, M. Hordijk, W,
Gascuel, O., & Gascuel, O. (2010). New algorithms and methods to
estimate maximum-likelihood phylogenies: Assessing the perfor-
mance of PhyML 3.0. Systematic Biology, 59, 307-321. https://doi.
org/10.1093/sysbio/syq010

Hanika, K., Schipper, D., Chinnappa, S., Oortwijn, M., Schouten, H. J,
Thomma, B., & Bai, Y. (2021). Impairment of tomato WAT1 enhances
resistance to vascular wilt fungi despite severe growth defects. Fron-
tiers in Plant Science, 12, 721674. https://doi.org/10.3389/fpls.2021.
721674

Hay, A, Barkoulas, M., & Tsiantis, M. (2006). ASYMMETRIC LEAVES1 and
auxin activities converge to repress BREVIPEDICELLUS expression
and promote leaf development in Arabidopsis. Development, 133,
3955-3961. https://doi.org/10.1242/dev.02545

Hou, S., Liu, D., Huang, S., Luo, D., Liu, Z.,, Xiang, Q., Wang, P., Mu, R,,
Han, Z., Chen, S., Chai, J.,, Shan, L., & He, P. (2021). The Arabidopsis
MIK2 receptor elicits immunity by sensing a conserved signature
from phytocytokines and microbes. Nature Communications, 12,
5494, https://doi.org/10.1038/s41467-021-25580-w

Hrmova, M., & Fincher, G. B. (2001). Structure-function relationships of
beta-D-glucan endo- and exohydrolases from higher plants. Plant
Molecular ~ Biology, 47, 73-91. https://doi.org/10.1023/A:
1010619128894

Huang, W., Pi, L., Liang, W., Xu, B., Wang, H., Cai, R., & Huang, H. (2006).
The proteolytic function of the Arabidopsis 26S proteasome is
required for specifying leaf adaxial identity. Plant Cell, 18, 2479-
2492. https://doi.org/10.1105/tpc.106.045013

Ishikawa, M., Ohmori, Y., Tanaka, W., Hirabayashi, C., Murai, K,
Ogihara, Y., Yamaguchi, T., & Hirano, H. Y. (2009). The spatial expres-
sion patterns of DROOPING LEAF orthologs suggest a conserved
function in grasses. Genes & Genetic Systems, 84, 137-146. https://
doi.org/10.1266/ggs.84.137

Izhaki, A., & Bowman, J. L. (2007). KANADI and class lll HD-zip gene fami-
lies regulate embryo patterning and modulate auxin flow during
embryogenesis in Arabidopsis. Plant Cell, 19, 495-508. https://doi.
org/10.1105/tpc.106.047472

= ) . 11 of 13
snsiesecey [SHBHBL-Wi LE Y™

" SOCIETY FOR EXPERIMENTAL BI0LOGY

Kang, S. G, Lee, D. S., Do, G. S., Pandeya, D., & Matin, M. N. (2022).
Genetic analysis of a DROOPING LEAF mutant allele dlI-6 associated
with a twisted and folded LEAF base caused by a deficiency in midrib
development in rice. Journal of Plant Physiology, 279, 153837.
https://doi.org/10.1016/j.jplph.2022.153837

Keller, T., Abbott, J., Moritz, T., & Doerner, P. (2006). Arabidopsis REGULA-
TOR OF AXILLARY MERISTEMS1 controls a leaf axil stem cell niche
and modulates vegetative development. The Plant Cell, 18, 598-611.
https://doi.org/10.1105/tpc.105.038588

Kim, M., McCormick, S., Timmermans, M., & Sinha, N. (2003). The expres-
sion domain of PHANTASTICA determines leaflet placement in com-
pound leaves. Nature, 424, 438-443. https://doi.org/10.1038/
nature01820

Koller, A. L., & Rost, T. L. (1988). Leaf anatomy in Sansevieria (Agavaceae).
American Journal of Botany, 75, 615-633. https://doi.org/10.1002/].
1537-2197.1988.tb13485.x

Kufner, I, & Koch, W. (2008). Stress regulated members of the plant
organic cation transporter family are localized to the vacuolar mem-
brane. BMC Research Notes, 1, 43. https://doi.org/10.1186/1756-
0500-1-43

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with
bowtie 2. Nature Methods, 9, 359. https://doi.org/10.1038/nmeth.
1923

Li, H., Xu, L., Wang, H., Yuan, Z,, Cao, X., Yang, Z., Zhang, D., Xu, Y., &
Huang, H. (2005). The putative RNA-dependent RNA polymerase
RDR6 acts synergistically with ASYMMETRIC LEAVES1 and 2 to
repress BREVIPEDICELLUS and MicroRNA165/166 in Arabidopsis leaf
development. Plant Cell, 17, 2157-2171. https://doi.org/10.1105/
tpc.105.033449

Love MI, Huber, W., Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol-
ogy, 15, 550.

Ma, Q.-H. (2009). The expression of caffeic acid 3-O-methyltransferase
in two wheat genotypes differing in lodging resistance. Journal of
Experimental Botany, 60, 2763-2771. https://doi.org/10.1093/jxb/
erp132

Ma, Y., Szostkiewicz, I., Korte, A., Moes, D., Yang, Y., Christmann, A., &
Grill, E. (2009). Regulators of PP2C phosphatase activity function as
abscisic acid sensors. Science, 324, 1064-1068. https://doi.org/10.
1126/science.1172408

Mallory, A. C., Reinhart, B. J., Jones-Rhoades, M. W., Tang, G,
Zamore, P. D., Barton, M. K., & Bartel, D. P. (2004). MicroRNA con-
trol of PHABULOSA in leaf development: Importance of pairing to the
microRNA 5’ region. The EMBO Journal, 23, 3356-3364. https://doi.
org/10.1038/sj.emboj.7600340

McConnell, J. R., & Barton, M. K. (1998). Leaf polarity and meristem forma-
tion in Arabidopsis. Development, 125, 2935-2942. https://doi.org/
10.1242/dev.125.15.2935

McConnell, J. R., Emery, J,, Eshed, Y., Bao, N., Bowman, J., & Barton, M. K.
(2001). Role of PHABULOSA and PHAVOLUTA in determining radial
patterning in shoots. Nature, 411, 709-713. https://doi.org/10.
1038/35079635

Molina, A. A.-O., Miedes, E. A.-O., Bacete, L. A.-O., Rodriguez, T. A.-O.,
Mélida, H. A.-O., Denancé, N. A.-O., Sanchez-Vallet, A. A.-O,,
Riviere, M. A.-O., Lépez, G., Freydier, A., Barlet, X., Pattathil, S., &
Hahn, M. (2021). Arabidopsis cell wall composition determines dis-
ease resistance specificity and fitness. Proceedings of the National
Academy of Sciences, 118, e2010243118. https://doi.org/10.1073/
pnas.2010243118

Moon, J., & Hake, S. (2011). How a leaf gets its shape. Current Opinion in
Plant Biology, 14, 24-30. https://doi.org/10.1016/j.pbi.2010.08.012

Miiller, D. R., Schmitz, G., & Theres, K. (2006). Blind homologous R2R3 Myb
genes control the pattern of lateral meristem initiation in Arabidopsis.
The Plant Cell, 18, 586-597. https://doi.org/10.1105/tpc.105.038745

QSUSOIT SUOWIWIO)) 9ATEAI) d[qear[dde oY) AQ PauIdA0S 18 SO[OIE Y SN JO SN 10§ AIRIqIT SUIUQ) AJ[IA\ UO (SUOHIPUOI-PUB-SULIA) W0 K[ 1M ATRIQI[AuI[U0//:sd)Y) SUONIPUO)) pue SWId ] Y} S "[§707/€0/S0] U0 AreiqrT auruQ A[IA ‘11 €PId/Z001°01/10p/ w0 A1m ATeIqraur[uo//:sdiy woiy papeoumo( ‘8 ‘€70z ‘SShrSLT


https://doi.org/10.1016/j.cub.2003.09.035
https://doi.org/10.1016/S0092-8674(00)81651-7
https://doi.org/10.1242/dev.01186
https://doi.org/10.1016/j.cub.2006.03.064
https://doi.org/10.1016/j.cub.2006.03.064
https://doi.org/10.1007/s00427-005-0479-8
https://doi.org/10.1007/s00427-005-0479-8
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.3389/fpls.2021.721674
https://doi.org/10.3389/fpls.2021.721674
https://doi.org/10.1242/dev.02545
https://doi.org/10.1038/s41467-021-25580-w
https://doi.org/10.1023/A:1010619128894
https://doi.org/10.1023/A:1010619128894
https://doi.org/10.1105/tpc.106.045013
https://doi.org/10.1266/ggs.84.137
https://doi.org/10.1266/ggs.84.137
https://doi.org/10.1105/tpc.106.047472
https://doi.org/10.1105/tpc.106.047472
https://doi.org/10.1016/j.jplph.2022.153837
https://doi.org/10.1105/tpc.105.038588
https://doi.org/10.1038/nature01820
https://doi.org/10.1038/nature01820
https://doi.org/10.1002/j.1537-2197.1988.tb13485.x
https://doi.org/10.1002/j.1537-2197.1988.tb13485.x
https://doi.org/10.1186/1756-0500-1-43
https://doi.org/10.1186/1756-0500-1-43
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1105/tpc.105.033449
https://doi.org/10.1105/tpc.105.033449
https://doi.org/10.1093/jxb/erp132
https://doi.org/10.1093/jxb/erp132
https://doi.org/10.1126/science.1172408
https://doi.org/10.1126/science.1172408
https://doi.org/10.1038/sj.emboj.7600340
https://doi.org/10.1038/sj.emboj.7600340
https://doi.org/10.1242/dev.125.15.2935
https://doi.org/10.1242/dev.125.15.2935
https://doi.org/10.1038/35079635
https://doi.org/10.1038/35079635
https://doi.org/10.1073/pnas.2010243118
https://doi.org/10.1073/pnas.2010243118
https://doi.org/10.1016/j.pbi.2010.08.012
https://doi.org/10.1105/tpc.105.038745

GOLENBERG ET AL.

120f 13 o A _
2o L \WiLEY—(a) i [SHEHE]

" SOCIETY FOR EXPERIMENTAL BIOLOGY

Nagasawa, N., Miyoshi, M., Sano, Y., Satoh, H., Hirano, H., Sakai, H., &
Nagato, Y. (2003). SUPERWOMAN1 and DROOPING LEAF genes con-
trol floral organ identity in rice. Development, 130, 705-718. https://
doi.org/10.1242/dev.00294

Ohashi-Ito, K., lwamoto, K., Nagashima, Y., Kojima, M., Sakakibara, H., &
Fukuda, H. (2019). A positive feedback loop comprising LHW-TMO5
and local auxin biosynthesis regulates initial vascular development in
Arabidopsis roots. Plant and Cell Physiology, 60, 2684-2691. https://
doi.org/10.1093/pcp/pcz156

Ohashi-Ito, K., Oguchi, M., Kojima, M., Sakakibara, H., & Fukuda, H. (2013).
Auxin-associated initiation of vascular cell differentiation by LONE-
SOME HIGHWAY. Development, 140, 765-769. https://doi.org/10.
1242/dev.087924

Ohmori, Y., Toriba, T., Nakamura, H., Ichikawa, H., & Hirano, H. Y. (2011).
Temporal and spatial regulation of DROOPING LEAF gene expression
that promotes midrib formation in rice. The Plant Journal, 65, 77-86.
https://doi.org/10.1111/j.1365-313X.2010.04404.x

Prigge, M. J.,, Otsuga, D., Alonso, J. M., Ecker, J. R.,, Drews, G. N., &
Clark, S. E. (2005). Class Il homeodomain-leucine zipper gene family
members have overlapping, antagonistic, and distinct roles in Arabi-
dopsis development. Plant Cell, 17, 61-76. https://doi.org/10.1105/
tpc.104.026161

Quinlan, A. R,, & Hall, I. M. (2010). BEDTools: A flexible suite of utilities
for comparing genomic features. Bioinformatics, 26, 841-842.
https://doi.org/10.1093/bioinformatics/btq033

Ranocha, P., Dima, O., Nagy, R., Felten, J., Corratgé-Faillie, C., Novak, O.,
Morreel, K., Lacombe, B., Martinez, Y., Pfrunder, S., Jin, X,
Renou, J. P, Thibaud, J. B., Ljung, K., Fischer, U., Martinoia, E.,
Boerjan, W., & Goffner, D. (2013). Arabidopsis WAT1 is a vacuolar
auxin transport facilitator required for auxin homoeostasis. Nature Com-
munications, 4, 2625. https://doi.org/10.1038/ncomms3625

Sajo, M. G., & Rudall, P. J. (1999). Systematic vegetative anatomy and ensi-
form leaf development in Xyris (Xyridaceae). Botanical Journal of the
Linnean Society, 130, 171-182. https://doi.org/10.1111/j.1095-
8339.1999.tb00517.x

Sarojam, R., Sappl, P., Goldshmidt, A., Efroni, I, Floyd, S. K., Eshed, Y., &
Bowman, J. L. (2010). Differentiating Arabidopsis shoots from leaves
by combined YABBY activities. Plant Cell, 22, 2113-2130. https://
doi.org/10.1105/tpc.110.075853

Satterlee, J. W., & Scanlon, M. J. (2019). Coordination of leaf development
across developmental axes. Plants, 8, 433. https://doi.org/10.3390/
plants8100433

Sawa, S., Ito, T., Shimura, Y., & Okada, K. (1999). FILAMENTOUS FLOWER
controls the formation and development of Arabidopsis inflores-
cences and floral meristems. Plant Cell, 11, 69-86. https://doi.org/
10.1105/tpc.11.1.69

Sawa, S., Watanabe, K., Goto, K, Liu, Y. G, Shibata, D., Kanaya, E.,
Morita, E. H., & Okada, K. (1999). FILAMENTOUS FLOWER, a
meristem and organ identity gene of Arabidopsis, encodes a protein
with a zinc finger and HMG-related domains. Genes & Development,
13, 1079-1088. https://doi.org/10.1101/gad.13.9.1079

Sieber, P., Gheyselinck, J., Gross-Hardt, R., Laux, T., Grossniklaus, U., &
Schneitz, K. (2004). Pattern formation during early ovule develop-
ment in Arabidopsis thaliana. Developmental Biology, 273, 321-334.
https://doi.org/10.1016/j.ydbio.2004.05.037

Stahl, E., Fernandez Martin, A., Glauser, G., Guillou, M. C., Aubourg, S.,
Renou, J. P., & Reymond, P. (2022). The MIK2SCOOP signaling sys-
tem contributes to Arabidopsis resistance against herbivory by
modulating Jasmonate and indole Glucosinolate biosynthesis. Fron-
tiers in Plant Science, 13, 852808. https://doi.org/10.3389/fpls.
2022.852808

Stahl, Y., Wink, R. H., Ingram, G. C., & Simon, R. (2009). A signaling
module controlling the stem cell niche in Arabidopsis root meristems.
Current Biology, 19, 909-914. https://doi.org/10.1016/j.cub.2009.
03.060

Stevenson, D. W. (1973). Phyllode theory in relation to leaf ontogeny in
Sansevieria trifasciata. American Journal of Botany, 60, 387-395.
https://doi.org/10.1002/j.1537-2197.1973.tb05939.x

Strable, J., Wallace, J. G., Unger-Wallace, E., Briggs, S., Bradbury, P. J.,
Buckler, E. S., & Vollbrecht, E. (2017). Maize YABBY genes drooping
leafl and drooping leaf2 regulate plant architecture. Plant Cell, 29,
1622-1641. https://doi.org/10.1105/tpc.16.00477

Supek, F., Bosnjak, M., Skunca, N., & Smuc, T. (2011). REVIGO summarizes
and visualizes long lists of gene ontology terms. PLoS ONE, 11,
€21800. https://doi.org/10.1371/journal.pone.0021800

Swarup, R., & Péret, B. (2012). AUXLAX family of auxin influx carriers—An
overview. Frontiers. Plant Science, 3. https://doi.org/10.3389/fpls.
2012.00225

Tsiantis, M., & Hay, A. (2003). Comparative plant development: The time
of the leaf? Nature Reviews Genetics, 4, 169-180. https://doi.org/10.
1038/nrg1002

Ueno, VY., Ishikawa, T., Watanabe, K., Terakura, S., Iwakawa, H., Okada, K.,
Machida, C., & Machida, Y. (2007). Histone deacetylases and ASYM-
METRIC LEAVES2 are involved in the establishment of polarity in
LEAVES of Arabidopsis. Plant Cell, 19, 445-457. https://doi.org/10.
1105/tpc.106.042325

van der Does, D., Boutrot, F., Engelsdorf, T. A.-O., Rhodes, J. A.-O.,
McKenna, J. A.-O., Vernhettes, S., Koevoets, |. A.-O., Tintor, N.,
Veerabagu, M., Miedes, E., Segonzac, C., Roux, M., Breda, A. S.,
Hardtke, C. S., Molina, A., Rep, M., Testerink, C., Mouille, G,
Hofte, H., ... Zipfel, C. (2017). The Arabidopsis leucine-rich repeat
receptor kinase MIK2LRRKISS connects cell wall integrity
sensing, root growth and response to abiotic and biotic stresses.
PLoS Genetics, 13, e1006832. https://doi.org/10.1371/journal.pgen.
1006832

Vosnakis, N., Maiden, A., Kourmpetli, S., Hands, P., Sharples, D., & Drea, S.
(2012). A FILAMENTOUS FLOWER orthologue plays a key role in leaf
patterning in opium poppy. The Plant Journal, 72, 662-673. https://
doi.org/10.1111/j.1365-313X.2012.05112.x

Waite, J. M., & Dardick, C. (2018). TILLER ANGLE CONTROL 1 modulates
plant architecture in response to photosynthetic signals. Journal of
Experimental Botany, 69, 4935-4944. https://doi.org/10.1093/jxb/
ery253

Waites, R., & Hudson, A. (1995). Phantastica: A gene required for dorso-
ventrality of leaves in Antirrhinum majus. Development, 121, 2143-
2154. https://doi.org/10.1242/dev.121.7.2143

Waites, R., Selvadurai, H. R. N., Oliver, I. R., & Hudson, A. (1998). The
PHANTASTICA gene encodes a MYB transcription factor involved in
growth and dorsoventrality of lateral organs in antirrhinum. Cell, 93,
779-789. https://doi.org/10.1016/50092-8674(00)81439-7

Wang, W., Xu, B., Wang, H., Li, J.,, Huang, H., & Xu, L. (2011). YUCCA
genes are expressed in response to leaf adaxial-abaxial
juxtaposition and are required for leaf margin development. Plant
Physiology, 157, 1805-1819. https://doi.org/10.1104/pp.111.
186395

Williams, L., Grigg, S. P., Xie, M., Christensen, S., & Fletcher, J. C. (2005).
Regulation of Arabidopsis shoot apical meristem and lateral organ
formation by microRNA miR166g and its AtHD-ZIP target genes.
Development, 132, 3657-3668. https://doi.org/10.1242/dev.01942

Wu, C. H., Apweiler, R., Bairoch, A. Natale, D. A, Barker, W. C,,
Boeckmann, B., Ferro, S., Gasteiger, E., Huang, H., Lopez, R,
Magrane, M., Martin, M. J,, Mazumder, R., O’Donovan, C,
Redaschi, N., & Suzek, B. (2006). The universal protein resource
(UniProt): An expanding universe of protein information. Nucleic
Acids Research, 34, D187-D191. https://doi.org/10.1093/nar/
gkj161

Yamaguchi, T., Nagasawa, N., Kawasaki, S., Matsuoka, M., Nagato, Y., &
Hirano, H.-Y. (2004). The YABBY gene DROOPING LEAF regulates
carpel specification and midrib development in Oryza sativa. The
Plant Cell, 16, 500-509. https://doi.org/10.1105/tpc.018044

QSUSOIT SUOWIWIO)) 9ATEAI) d[qear[dde oY) AQ PauIdA0S 18 SO[OIE Y SN JO SN 10§ AIRIqIT SUIUQ) AJ[IA\ UO (SUOHIPUOI-PUB-SULIA) W0 K[ 1M ATRIQI[AuI[U0//:sd)Y) SUONIPUO)) pue SWId ] Y} S "[§707/€0/S0] U0 AreiqrT auruQ A[IA ‘11 €PId/Z001°01/10p/ w0 A1m ATeIqraur[uo//:sdiy woiy papeoumo( ‘8 ‘€70z ‘SShrSLT


https://doi.org/10.1242/dev.00294
https://doi.org/10.1242/dev.00294
https://doi.org/10.1093/pcp/pcz156
https://doi.org/10.1093/pcp/pcz156
https://doi.org/10.1242/dev.087924
https://doi.org/10.1242/dev.087924
https://doi.org/10.1111/j.1365-313X.2010.04404.x
https://doi.org/10.1105/tpc.104.026161
https://doi.org/10.1105/tpc.104.026161
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1038/ncomms3625
https://doi.org/10.1111/j.1095-8339.1999.tb00517.x
https://doi.org/10.1111/j.1095-8339.1999.tb00517.x
https://doi.org/10.1105/tpc.110.075853
https://doi.org/10.1105/tpc.110.075853
https://doi.org/10.3390/plants8100433
https://doi.org/10.3390/plants8100433
https://doi.org/10.1105/tpc.11.1.69
https://doi.org/10.1105/tpc.11.1.69
https://doi.org/10.1101/gad.13.9.1079
https://doi.org/10.1016/j.ydbio.2004.05.037
https://doi.org/10.3389/fpls.2022.852808
https://doi.org/10.3389/fpls.2022.852808
https://doi.org/10.1016/j.cub.2009.03.060
https://doi.org/10.1016/j.cub.2009.03.060
https://doi.org/10.1002/j.1537-2197.1973.tb05939.x
https://doi.org/10.1105/tpc.16.00477
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.3389/fpls.2012.00225
https://doi.org/10.3389/fpls.2012.00225
https://doi.org/10.1038/nrg1002
https://doi.org/10.1038/nrg1002
https://doi.org/10.1105/tpc.106.042325
https://doi.org/10.1105/tpc.106.042325
https://doi.org/10.1371/journal.pgen.1006832
https://doi.org/10.1371/journal.pgen.1006832
https://doi.org/10.1111/j.1365-313X.2012.05112.x
https://doi.org/10.1111/j.1365-313X.2012.05112.x
https://doi.org/10.1093/jxb/ery253
https://doi.org/10.1093/jxb/ery253
https://doi.org/10.1242/dev.121.7.2143
https://doi.org/10.1016/S0092-8674(00)81439-7
https://doi.org/10.1104/pp.111.186395
https://doi.org/10.1104/pp.111.186395
https://doi.org/10.1242/dev.01942
https://doi.org/10.1093/nar/gkj161
https://doi.org/10.1093/nar/gkj161
https://doi.org/10.1105/tpc.018044

GOLENBERG ET AL.

Yamaguchi, T., Nukazuka, A., & Tsukaya, H. (2012). Leaf adaxial-abaxial
polarity specification and lamina outgrowth: Evolution and develop-
ment. Plant and Cell Physiology, 53, 1180-1194. https://doi.org/10.
1093/pcp/pcs074

Yamaguchi, T., Yano, S., & Tsukaya, H. (2010). Genetic framework for flat-
tened leaf blade formation in unifacial leaves of Juncus prismatocar-
pus. The Plant Cell, 22, 2141-2155. https://doi.org/10.1105/tpc.110.
076927

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
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