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Corolla length is a labile flower feature and has strong implications for pollinator success.

However, the phenotypic and genetic bases of corolla elongation are not well known,

largely due to a lack of good candidate genes for potential genetic exploration and

functional work. We investigate both the cellular phenotypic differences in corolla length,

as well as the genetic control of this trait, in Saltugilia (Polemoniaceae). Taxa in this clade

exhibit a large range of flower sizes and differ dramatically in pollinator guilds. Flowers

of each species were collected from multiple individuals during four stages of flower

development to ascertain if cell number or cell size is more important in determining flower

size. In Saltugilia, increased flower size during development appears to be driven more

by cell size than cell number. Differences in flower size between species are governed

by both cell size and cell number, with the large-flowered S. splendens subsp. grantii

having nearly twice as many cells as the small-flowered species. Fully mature flowers

of all taxa contain jigsaw cells similar to cells seen in sepals and leaves; however, these

cells are not typically found in the developing flowers of most species. The proportion

of this cell type in mature flowers appears to have substantial implications, comprising

17–68% of the overall flower size. To identify candidate genes responsible for differences

in cell area and cell type, transcriptomes were generated for two individuals of the species

with the smallest (S. australis) and largest (S. splendens subsp. grantii) flowers across the

same four developmental stages visualized with confocal microscopy. Analyses identified

genes associated with cell wall formation that are up-regulated in the mature flower stage

compared to mid-stage flowers (75% of mature size). This developmental change is

associated with the origin of jigsaw cells in the corolla tube of mature flowers. Further

comparisons between mature flowers in the two species revealed 354 transcripts that

are up-regulated in the large-flowered S. splendens subsp. grantii compared to the

small-flowered S. australis. These results are likely broadly applicable to Polemoniaceae,

a clade of nearly 400 species, with extensive variation in floral form and shape.
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INTRODUCTION

The vast morphological diversity observed in angiosperms is
often considered to result in part from the interaction between
flowers and their pollinators (e.g., Crepet, 1995; Waser et al.,
1996; Crepet and Niklas, 2009; Van der Niet and Johnson, 2012;
Kearns et al., 2015). Differences in morphological phenotypes
are often associated with different pollinator classes to form
pollination syndromes (Fenster et al., 2004) that may comprise
many floral traits (Waser, 2006), with many studies showing
the selection pressures certain pollinators place on these floral
traits (Bruneau, 1997; Johnson et al., 1998; Fulton and Hodges,
1999; Schemske and Bradshaw, 1999; Whittall and Hodges, 2007;
Cronk and Ojeda, 2008; Brunet, 2009).

Changes in floral traits associated with different pollination
syndromes, especially traits involving size and number of organs,
have been observed to be highly labile (Stebbins, 1974; Givnish,
2002; Lock et al., 2011; Alapetite et al., 2014) and are mostly
attributed to shifts in timing, rates and/or patterns of gene
expression (Pina et al., 2014). One important and labile floral
trait associated with pollinator selection, corolla length, has been
shown experimentally to be heritable and selectable (Mitchell and
Shaw, 1993; Kaczorowski et al., 2008; Gómez et al., 2009). The
length of the corolla is often more stable than the spread (width)
of the corolla, with the spread being more highly modified under
both internal and external stressors (Goodspeed and Clausen,
1915).

Corolla development is typically marked by two phases of
growth: early growth involving cell division, followed by cell
expansion in later growth (Irish, 2008; Hepworth and Lenhard,
2014). Where organ growth (i.e., corolla size) due to cell
expansion is involved, enlargement of the cell wall must occur
with either expansion of vacuoles or endoreduplication (Weiss
et al., 2005; Anastasiou and Lenhard, 2007). However, the relative
contribution of cell division and cell elongation to corolla growth
is debated and likely varies among species (Martin and Gerats,
1993; Stuurman et al., 2004), with the shape of petal epidermal
cells having been investigated in many angiosperm families (Kay
et al., 1981; Ojeda et al., 2009, 2012). Recent experiments show
that formation and extension of petal nectar spurs in both
Aquilegia (Ranunculaceae) and Centranthus (Caprifoliaceae) are
controlled primarily by cell elongation (Puzey et al., 2012; Mack
and Davis, 2015), raising the hypothesis that corolla length may
operate under the same genetic control mechanisms. However,
the genetic components of flower size, specifically the control
of cell number, cell size and cell shape, are not well understood
(Glover, 2007; Ojeda et al., 2012).

Indirect evidence primarily from Arabidopsis thaliana and
Antirrhinum majus, representing the evolutionarily divergent
lineages of rosids and asterids, respectively, indicates several
potential candidate genes that may be involved in corolla
elongation, such as JAGGED, AINTEGUMENTA, ARGOS, BPFP,
OPR3, ARF8, BIG BROTHER, KLH, DAI and GAST1 (Herzog
et al., 1995; Elliott et al., 1996; Kotilainen et al., 1999; Mizukami
and Fischer, 2000; Mizukami, 2001; Kim et al., 2002; Ben-
Nissan et al., 2004; Disch et al., 2006; Krizek, 2009; Xu and
Li, 2011; Chang et al., 2014). Additional studies in Petunia

have identified at least five QTL involved with corolla tube
morphology and elongation (Stuurman et al., 2004; Galliot et al.,
2006). Despite the identification of these candidate genes, further
studies of expression and function involving any of these genes
are lacking in non-model species. To elucidate the phenotypic,
developmental and genetic components of flower size in the
context of pollination biology, we are focusing on the phlox
family, Polemoniaceae.

Polemoniaceae (26 genera, 387 species; Johnson et al., 1996,
2008; Prather et al., 2000; Ferguson and Jansen, 2002; Landis
et al., in review) comprise annual and perennial plants native to
North and South America, with the center of diversity in western
North America (Grant, 1959). This family has a wide diversity
of corolla length, varying from 3mm in the mid-elevation selfing
species Lathrocasis tenerrima to over 70mm in species of Cantua
and Cobaea (Schönenberger, 2009; Landis et al., in review).
Polemoniaceae have long been a model for studies of pollination
biology (e.g., Grant and Grant, 1965). More recent studies have
addressed variation in corolla length, with bees selecting for
longer tubes and funnel-shaped flowers in Polemonium (Galen
and Cuba, 2001), increased moisture availability resulting in
increased flower size in Leptosiphon (Lambrecht, 2013) and
longer-flowered individuals excluding bees in four species of
Phlox (Strakosh and Ferguson, 2005).

The focus of the current study is Saltugilia, which comprises
four species—S. australis, S. caruifolia, S. latimeri, and S.
splendens (Porter and Johnson, 2000; Johnson, 2007)—that
differ primarily in corolla morphology (Weese and Johnson,
2005) and exhibit a 2.5-fold range in corolla size. These taxa
also vary in observed pollinators, with S. australis and S.
latimeri being autogamous, S. caruifolia pollinated by bees
and the different subspecies of S. splendens pollinated by
hummingbirds (S. splendens subsp. grantii) and bee flies (S.
splendens subsp. splendens) (Grant and Grant, 1965; Weese and
Johnson, 2005).

Our overall goal is to integrate phylogenetic, phenotypic and
developmental analysis of floral traits associated with pollination
syndromes and observed differences in corolla length, while
linking the underlying genetic components of these differences
to elucidate the mechanisms of pollinator-mediated selection in
representatives of Polemoniaceae. Specifically, we investigated
(1) the relationships of all currently recognized taxa in Saltugilia
by reconstructing the phylogeny with both nuclear and plastid
markers to provide a framework for the remaining goals; (2) the
cellular component of differences in flower size to address the
question of whether differences in flower size are predominantly
controlled by cell size or cell number, or a combination of the two;
and (3) the genetic underpinnings associated with differences in
flower size in Saltugilia.

MATERIALS AND METHODS

Plant Material
Four taxa of Saltugilia and one of Gilia were grown in the
greenhouses at the University of Florida from seeds obtained
from Rancho Santa Ana Botanic Garden (Claremont, CA,
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USA), the Ornamental Germplasm Center at The Ohio State
University (Columbus, OH, USA) and Leigh Johnson (Brigham
Young University; Provo, UT, USA): G. brecciarum subsp.
brecciarum (W6 30785), S. australis (Johnson BYU), S. caruifolia
(RSABG 19148), S. splendens subsp. grantii (RSABG 21757) and
S. splendens subsp. splendens (RSABG 22676) (Table 1). Two
additional samples of Saltugilia and one additional species of
Gilia were collected in California in the spring of 2015: G. stellata
(JOTR34200), S. latimeri (UCR261592) and a field accession
of S. splendens subsp. splendens (JOTR32513), which differed
morphologically from the accession obtained from Rancho Santa
Ana Botanic Garden. Collections of S. splendens subsp. splendens
and G. stellata were obtained with the help of Tasha LaDoux
(University of California Riverside, Riverside, CA, USA), with the
above accession numbers for those species representing previous
collections from the same localities sampled here.

Phylogenetic Analyses
DNA was extracted from samples of all eight taxa following a
modified CTAB extraction protocol (Doyle and Doyle, 1987).
Rehydrated DNA was sonicated to a targeted length of 300-
bp fragments using a Covaris S220 sonicator (Covaris, Inc.,
Woburn, MA, USA) following the manufacturer’s suggested
protocol. A total of 3–5µg of sheared DNA from each sample
was sent to RapidGenomics (Gainesville, FL, USA) for Illumina
library preparation with dual indexed barcodes and targeted
exon capture using MYbaits probes (MYcroarray; Ann Arbor,
MI, USA). This approach was used to generate 100 single-copy
nuclear genes for phylogenetic analysis. Probes were designed
from transcriptomes of four species [Fouqueria macdouglaii
(Fouquieriaceae), Phlox drummondii (Polemoniaceae), Phlox sp.,

and Ternstroemia gymnathera (Pentaphylacaceae)] available in
the 1KP data set (www.onekp.com) and the Arabidopsis genome
using MarkerMiner (Chamala et al., 2015) to find putative
single-copy genes. One hundred nuclear genes were selected
with exons of at least 300 bp and introns smaller than 600 bp.
Probes were designed for 120 kmers and tiled 3x for additional
capture efficiency. Capture products were pooled with additional
samples and distributed across two runs: Illumina NextSeq 500
(2 × 150 bp) mid-throughput and an Illumina HiSeq 2000 (2 ×

100 bp).
Raw reads were processed using two custom scripts (available

on Github; https://github.com/soltislab/get_BLAT_reads). With
this pipeline, reads were trimmed and filtered using cutadapt
(Martin, 2011) and Sickle (Joshi and Fass, 2011), followed by
a BLAT (Kent, 2002) analysis to isolate (1) plastid reads using
the complete plastome reference of Phlox amabilis (provided
by J. Mark Porter, unpublished) and (2) nuclear reads using a
representative of each of the 100 nuclear genes. On-target reads
were imported to Geneious (version 8.0.5; Biomatters Limited,
Auckland, New Zealand) and mapped to the reference sequences
(P. amabilis plastome for plastid coding genes and the complete
plastome; one representative for each of the 100 loci for nuclear
genes) (Supplemental Data 1) using the Geneious mapper with
the following settings: medium sensitivity with 10 iterations,
majority threshold to reduce ambiguities, with no coverage and
coverage of less than 2 sequences coded as missing data.

Concatenated consensus reads for each taxon, consisting
of 80 coding regions of the plastome, the complete plastome
including coding genes and spacer regions and 90 nuclear loci
for which there was sufficient coverage and overlap among taxas,
were aligned using MAFFT (version 7.245; Katoh and Standley,

TABLE 1 | Plant material information, including herbarium accessions, locality of collection for field samples and source of seed material as well as

sequencing coverage for phylogenetic analyses.

Species Growth

facility/Locality

collected

Accession/Voucher Plastid coding

genes/80 total (bp)

Plastome length

(bp)/percentage of

plastome covered

(coverage) and

coverage

Nuclear

genes/90

captured (bp)

Gilia brecciarum

subsp. brecciarum

UF Greenhouse OGPC W6 30785 80/80 (64,439) 152,899/99.4% (403x) 90/90 (143,769)

Gilia stellata UF Greenhouse JOTR34200 80/80 (64,495) 153,396/99.7% (926x) 90/90 (141,693)

Saltugilia australis UF Greenhouse L. Johnson Brigham

Young University

73/80 (63,380) 124,673/81.0% (11.4x) 82/90 (90,130)

Saltugilia caruifolia UF Greenhouse RSABG 19148 62/80 (58,418) 96,715/62.9%(1.7x) 46/90 (34,942)

Saltugilia latimeri Joshua Tree National

Park/Big Horn

Mountains

UCR261592 80/80 (64,491) 153,396/99.7% (825x) 90/90 (142,909)

Saltugilia

splendens subsp.

grantii

UF Greenhouse RSABG 21757 74/80 (64,178) 132,303/86.0% (5.3x) 60/90 (64,429)

Saltugilia

splendens subsp.

splendens

UF Greenhouse RSABG 22676 79/80 (64,178) 135,926/88.3% (11.2x) 87/90 (106,862)

Saltugilia

splendens subsp.

splendens

Joshua Tree National

Park

JOTR32513 80/80 (64,497) 153,504/99.8% (1,379x) 90/90 (144,653)
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2013) installed on the University of Florida Research Computing
cluster. Individual alignments of plastid coding genes and nuclear
genes were analyzed in PartitionFinder (version 1.1.1; Lanfear
et al., 2012) to find the best partitions for maximum likelihood
(ML) inference. Separate phylogenetic analyses of the two plastid
data sets and nuclear genes were conducted using RAxML
(version 8.2.2; Stamatakis, 2014) installed on the University of
Florida Research Computing cluster. The two species of Gilia
were used as outgroups.

Plastid coding regions and nuclear loci were analyzed with
1000 bootstrap replicates with the preferred partitions identified
by PartitionFinder for all gene partitions, while the complete
plastome was analyzed with 1000 bootstrap replicates using the
GTR+G substitution model chosen by jModeltest (version 2.1.1;
Darriba et al., 2012). The two separate analyses of the plastome
data were conducted to assess the potential impact that missing
data had on the phylogenetic reconstructions. Raw reads for
each accession were deposited in GenBank’s Short Read Archive
(http://www.ncbi.nlm.nih.gov/sra) and assembled plastomes and
nuclear genes were submitted to GenBank (all accession
numbers are given in Supplemental Table 1). Concatenated
alignment files for each dataset are deposited in Figshare (DOI:
10.6084/m9.figshare.2007546, 10.6084/m9.figshare.2007549, and
10.6084/m9.figshare.2007555).

Following the completion of phylogenetic analyses, ancestral-
state reconstructions of pollinators and flower size were
conducted on the resulting topologies. Both a maximum
parsimony (MP) and ML framework were implemented
using Mesquite (version 3.03; Maddison and Maddison, 2015)
for reconstructing pollinators. Pollinator states included
autogamous (G. brecciarum subsp. brecciarum, G. stellata,
S. australis and S. latimeri), bee pollination (S. caruifolia),
hummingbird pollination (S. splendens subsp. grantii) and bee
fly pollination (S. splendens subsp. splendens). For flower size,
a continuous reconstruction was conducted in Mesquite using
the average flower size of measured flowers, with flower length
ranging from 0.8 to 2.5 cm.

Cell Morphology
Flower material of four developmental stages was collected from
four individual plants per species when available (all stages and
individuals could not be collected from all field samples due
to insufficient flowering material on the plant): mature (flowers
at anthesis), mid (75% of total flower length at anthesis), half
(50% of total flower length at anthesis) and small (25% of total
flower length at anthesis). Sample preparation and confocal
microscopy were carried out following Landis et al. (2015).
Imaging of cells was conducted using the methods of Landis et al.
(2015), using a Zeiss Axiocam HRm camera mounted on a Zeiss
Axioplan 2 Imaging microscope (Jena, Germany) and Axiovision
software. Green fluorescence was obtained using Zeiss filter set
10 (excitation wavelengths, 45–490 nm; dichroic, 510 nm LP;
emission wavelengths, 515–565 nm), with a 40x magnification
lens and Apotome with optical sectioning with optical slice
distance of 0.675µm. Confocal images were imported into Fiji
(http://fiji.sc/Fiji; Schindelin et al., 2012) and up to 50 cells per
image were outlined and measured for area, perimeter, shape

descriptor (circularity value; Glasbey and Horgan, 1995) and
bounding box length and width (the smallest box possible to
encompass each cell).

Circularity values were calculated with the following
formula: circularity = 4π(area/perimeter2). A value of 1.0
indicates a perfect circle, with values approaching 0 indicating
increasingly elongated cells. One-way ANOVA and Tukey’s
honest significance tests were performed in R (version 3.2.1) with
generation of box plots for the four developmental stages across
all taxa, with data from all individuals per taxon pooled. Pooled
data were also used to calculate mean and standard deviation of
cell size for each cell type in each stage of development. Estimates
of cell number were conducted for each cell type by taking the
mean values of the width of the bounding box. The total length
of each cell type was then divided by these values to obtain
estimates of cell number.

Transcriptome Analysis
Total RNA was extracted from flowers at each of the four
developmental stages of two individuals each of the small-
flowered S. australis and the large-flowered S. splendens subsp.
grantii using Tri-Reagent following the manufacturer’s directions
(Ambion, Austin, TX, USA). Library preparation of these 16
samples was conducted using the NEBNext Ultra RNA Library
Prep Kit for Illumina (NEB, Ipswich, MA, USA) following the
manufacturer’s directions and NEBNext Multiplex Oligos for
Illumina Index Primers Set 1 barcodes (NEB, Ipswich,MA, USA).
Transcriptome sequencing was performed at the University
of Florida Interdisciplinary Center for Biotechnology Research
using two runs on the Illumina NextSeq 500 (2 × 150 bp) mid-
throughput with 8 samples pooled per run. Raw reads were
trimmed and filtered using the same pipeline described above
minus the BLAT analysis. Following cleaning, de novo assemblies
using the published Trinity pipeline were conducted (Grabherr
et al., 2013; Haas et al., 2013).

A reference assembly was generated for each species with all
reads from all stages and both individuals pooled. The S. australis
reference was constructed with 66,850,418 paired-end reads and
an additional 3,610,028 singleton reads, while the S. splendens
subsp. grantii reference was constructed with 90,875,540 paired-
end reads and 3,922,978 singleton reads. A final reference was
created with all raw reads from both species for downstream
analysis of gene expression between species. A BLAST analysis
was conducted on each reference, S. australis, S. splendens subsp.
grantii and the combined reference, to determine the number of
known proteins that match a transcript by at least 80% coverage,
with only the top transcript hit for each protein returned
(UniProt Consortium, 2015). All raw reads for each species were
then mapped back to the reference assemblies using RNA-Seq
by Expectation-Maximization as implemented in Trinity, and
filtered by 1 fpkm to remove artifacts that were formed in the
de novo assemblies and to reduce the false discovery rate. Each
filtered reference assembly was then used to map raw reads
of each developmental stage for each of the two individuals
for the respective species. These newly created fasta files were
translated into open reading frames and protein sequence using
the Transdecoder plugin in Trinity. Reference assemblies were
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annotated with the Trinotate pipeline to identify GO categories
in the Swiss-Prot database (UniProt Consortium, 2015).

Translated files were then used in OrthoVenn (Wang et al.,
2015) using default parameters to compare presence/absence
for each stage and species, as well as to identify GO categories
and any GO enrichments for different stages of development.
Differential gene expression analyses were conducted using
the EdgeR Bioconductor package (Robinson et al., 2010) for
comparison within species at different developmental stages. For
S. australis, two biological replicates for half (50%), mid (75%),
and mature (100%) stages were used with a p-value cut-off of
0.05 and a 4-fold expression change. The small stage (25%) of S.
australis was not included due to low confidence in one of the
assemblies, in which only 13 genes met the 1 fpkm threshold
used for filtering. Comparisons of developmental stages in S.
splendens subsp. grantii were conducted in a different fashion
due to a high false discovery rate when the preceding method
was used. Similar problems in examining fold-changes in genes
with low expression have been observed before (Butler et al.,
2014). For S. splendens subsp. grantii, reads for the four stages
were pooled prior to the differential expression analysis, resulting
in only one input for each stage. This method leads to the
inability to perform statistical analyses on the levels of expression;
however, it provides evidence of candidate genes to compare to
the results found in the other species (Butler et al., 2014). One
final comparison was performed using the mature (100%) stages
of both individuals of S. australis and S. splendens subsp. grantii
to compare expression levels in the final stages of development
between species using the reference assembly created using all
raw reads. The goal of this last comparison was to investigate any
expression differences between previously reported candidate
genes.

RESULTS

Phylogenetic Analysis
Three separate analyses were performed: plastid coding regions
only, complete or nearly complete plastome and nuclear markers.
For the data set of the complete plastid genome, coverage of the
reference plastome ranged from 62.9% (96,715 of 153,853 bp)
for S. caruifolia to 99.8% for the field accession of S. splendens
subsp. splendens (153,504 of 153,853 bp). Average coverage depth
of the plastome ranged from 1.7x to 1379x among samples. For
the nuclear genes, the number of loci for each individual ranged
from 52 to 90 (Table 1). The plastid coding alignment consisted
of 64,500 bp, with 11.5% missing data (cells were coded as either
missing if data were lacking or Ns due to low coverage), while
the complete plastome alignment had 157,884 bp with 20.2%
missing data. For the 90 nuclear genes that had sufficient coverage
and overlap between accessions, the concatenated alignment was
147,028 bp with 37.2% missing data.

The phylogenetic trees for all three analyses are compared in
Figure 1. In the tree based on plastid coding regions, S. australis
is sister to S. caruifolia, with that clade sister to S. splendens
subsp. grantii and S. splendens subsp. splendens. This four-taxon
clade is sister to S. latimeri and the field accession of S. splendens

FIGURE 1 | Phylogenetic relationships of the taxa in Saltugilia using a

maximum-likelihood framework with bootstrap support values shown.

(A) concatenated data set comprising plastid coding regions, (B) complete

plastome sequence, and (C) concatenated data set of 90 nuclear loci.

subsp. splendens. Bootstrap support at all nodes is 100%. The
trees derived from the complete plastome and the nuclear genes
data sets are identical and give a slightly different topology than
that from the plastid coding regions, with S. splendens subsp.
grantii sister to S. australis and S. caruifolia, with S. splendens
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subsp. splendens sister to these three taxa. Bootstrap support
for all of these nodes is also 100%, except for the node leading
to S. australis and S. caruifolia, which has a bootstrap value
of 74% in the complete plastome tree. The relationships of S.
latimeri and the field accession of S. splendens subsp. splendens
are the same in the trees resulting from all three data sets. The
incongruence between the tree derived from the plastid coding
genes vs. those of the other two data sets may be the result
of a lack of phylogenetic signal in the plastid coding genes.
The branch lengths leading to S. splendens subsp. grantii and S.
splendens subsp. splendens are very short. With the additional
data obtained from the complete plastome and nuclear genes,
these taxa do not form a clade.

Morphology
The flowers of Saltugilia range in size from 0.8 to 2.5 cm. The
smallest flowers were observed in S. australis (0.8–1.1 cm) and
S. latimeri (0.8–1.0 cm), followed by S. caruifolia (1.0–1.2 cm),
the greenhouse accession of S. splendens subsp. splendens (0.9–
1.3 cm) and the field accession of S. splendens subsp. splendens at
(1.1–1.5 cm), with the largest flowers belonging to S. splendens
subsp. grantii (2.3–2.5 cm). The two species of Gilia both had
flowers with corollas of 0.8–0.9 cm (Figures 2A–E).

Four cell types with different shapes were characterized in
petal material: conical, transition, elongated and jigsaw cells
(Figures 2E–I). The first three cell types were found in all

developmental stages (25, 50, 75, and 100%) with jigsaw cells
appearing predominantly in mature flowers. Exceptions to this
pattern were observed in the field accessions of S. splendens
subsp. splendens and S. latimeri, which have jigsaw cells in half,
mid and mature flowers, and in the greenhouse accession of S.
splendens subsp. splendens, which lacks elongated cells at the base
of the petal tube.

As the flower develops, conical cells maintain their circular
shape with a circularity value ranging from 0.85 to 0.95; however,
these cells become larger with a 2.4- to 5.5-fold increase in size.
The median observed increase in size is a 3.5-fold increase in cell
size between small (25%) and mature flowers of S. caruifolia, S.
splendens subsp. grantii, S. splendens subsp. splendens and the
field accession of S. splendens subsp. splendens. The outlier is S.
australis with a fold change of 5.5 between small (25%) flowers
and mature flowers, with both Gilia accessions showing the
smallest fold change of 2.4 (G. brecciarum subsp. brecciarum) and
2.5 (G. stellata). Along the lobe/tube margin is a distinct cell type
defined here as transition cells. These cells are more elongated
than conical cells with a circularity value of approximately 0.7
in mature stages, although in earlier stages the circularity values
are sometimes very close to those of conical cells (Figure 3). In
developing flowers, the corolla tube is composed of elongated
cells with a circularity value of 0.7 in small (25%) flowers,
then becoming more elongated toward the base of the corolla
tube, with circularity values declining in the half stage (0.6)

FIGURE 2 | Examples of flowers and cells visualized. (A) The four species of Saltugilia grown in the greenhouses at the University of Florida. From left to right: S.

splendens subsp. grantii, S. splendens subsp. splendens, S. caruifolia and S. australis. (B) Flower of Gilia stellata, one of the species used as an outgroup. (C) S.

latimeri collected in Joshua Tree National Park, CA, USA. (D) Prepped microscope slide of the small stage of S. australis. (E) Prepped microscope slide of the mature

stage of S. splendens subsp. grantii. (F–I) Representatives of the four types of cells observed in flower material: conical, transition, jigsaw and elongated cells

respectively. Scale bars in (A–C,E) are 1 cm, and (F–I) are 20µM.
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FIGURE 3 | Representative cell area vs. cell circularity through development of conical, transition, elongated and jigsaw cells. The closer the circularity

value is to 1, the more round the cell.

and mid stage (0.5) and a circularity value of 0.2–0.4 in mature
flowers. The average size of these cells increased by 5.2- to
9.6-fold between small and mature flowers, with the largest
observed change in S. splendens subsp. grantii (Supplemental
Table 2). In mature flowers, the corolla tube is composed of
a second type of cells called jigsaw cells. These cells have a
circularity of 0.2–0.3 and often have a slightly smaller area than
elongated cells at the same developmental stage (Supplemental
Figure 1).

As the flower develops, later stages of development have
statistically larger cells than earlier developmental stages of the
same cell type in all cases except in transition cells (ANOVA;
F = 542.6, p < 0.001; Supplemental Figure 1). In S. latimeri and
the field accession of S. splendens subsp. splendens, the transition
cells between the half stage (50%) and the mid stage (75%) are
not significantly different in size. In all taxa, the conical and
transition cells do not differ significantly in size during the early
developmental stages. Comparison of cell size between species
was conducted for all four stages, with the mature comparisons
visualized in Figure 4.

Conical cells in mature flowers overlap in size across the six
accessions of Saltugilia, but are significantly different in size (F =

128.8, p < 0.001) except for cells of S. splendens subsp. grantii,
which are not significantly different from S. australis (p = 0.128),
S. caruifolia (p = 0.999) and the field accession of S. splendens
subsp. splendens (p = 0.807). Jigsaw cells show two distinct

categories: the larger cells of S. splendens subsp. grantii and both
accessions of S. splendens subsp. splendens, and the smaller cells
found in S. australis, S. caruifolia and S. latimeri (F = 38.79,
p < 0.001). The elongated cells of S. caruifolia, S. splendens
subsp. grantii and the field accession S. splendens subsp. splendens
are all similar in size, while the cells of S. australis are smaller
(F = 18.52, p = 0.001). The elongated cells of S. latimeri are
intermediate in size, being significantly larger than S. australis
(p < 0.001) and significantly smaller than the field accession of S.
splendens subsp. splendens (p = 0.005). However, no significant
differences between the other comparisons of elongated cells
were observed.

The relative abundance of each cell type changes across
developmental stages, as well as among species (Figure 5). In
early stages of development (small, 25%), conical cells make up
roughly half of the total flower length, between 41.6 and 62.5%.
As the flowers develop, the proportion of the flower composed of
conical cells decreases to 25–42.8%, while the length of the corolla
tube composed of conical cells increases. In S. splendens subsp.
splendens, the proportion of the corolla composed of conical cells
decreases from 57.1 to 31.3% through development, while the
length of the corolla composed of conical cells increases from 0.23
to 0.38 cm. In general, the proportion of the corolla composed of
elongated cells increases from the small to mid developmental
stages, but then decreases substantially with the formation of
jigsaw cells predominantly in mature flowers (Supplemental
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FIGURE 4 | Box plots comparing the area of each cell type in mature flowers of all species. (A) Mature conical cells, (B) mature transition cells, (C) mature

jigsaw cells, (D) mature elongated cells.

Table 3). The two field-collected samples, S. latimeri and S.
splendens subsp. splendens, both exhibit the formation of jigsaw
cells starting at the half stage of development. Gilia stellata was
also collected in the field, but does not exhibit jigsaw cells in any
stage except the mature stage.

Estimates of total cell numbers, as well as the number of
each cell type, were computed using the mean width of the
bounding box around each measured cell (Supplemental Table
4). Only S. splendens subsp. grantii and the field accession of
S. splendens subsp. splendens show increased numbers of cells
between stages of development (Figure 6). These taxa have
roughly 100 more cells in mature stages than at the small
developmental stage. Estimates of the number of cells in mature
flowers of the two Gilia species were similar, with a maximum
of 219 cells in G. brecciarum subsp. brecciarum and 213 in G.
stellata. The small-flowered species of Saltugilia have similar

estimated maximum cell numbers, 245 cells in S. australis, 236
in S. latimeri and 252 in S. splendens subsp. splendens. Saltugilia
caruifolia has a maximum estimate of 344 cells, and the two taxa
with the largest flowers, the field accession of S. splendens subsp.
splendens and S. splendens subsp. grantii, have 350 and 567 cells,
respectively.

Transcriptome Analysis
The filtered reference transcriptome of S. australis consists of
126,343 transcripts composed of 77,498,390 bases with a GC
content of 44.7% and an n50 of 802 bp. The filtered reference
for S. splendens subsp. grantii consists of 160,429 transcripts
composed of 95,491,059 bases with a GC content of 44.5%
and an n50 of 794 bp. The BLAST analysis of the S. australis
transcripts against the SwissProt protein database yielded hits for
6128 transcripts covering at least 80% of the protein lengths of
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FIGURE 5 | Proportions of cell types through the four stages of development for all taxa investigated in one plant of each taxon.

15,136 unique known proteins. A BLAST analysis using the S.
splendens subsp. grantii transcripts against SwissProt resulted
in 5988 hits covering at least 80% of the protein lengths of
15,426 unique proteins. Functional annotation of gene ontology
(GO) categories was also investigated for transcripts of all three
reference transcriptomes. For S. australis, 41,874 transcripts
were annotated with GO categories, whereas the S. splendens
subsp. grantii transcriptome has 50,174 transcripts with GO
category annotations. The combined reference, with all reads, has
62,253 transcripts annotated with GO categories (Supplemental
Table 5).

Comparing the two reference transcriptomes using
OrthoVenn, S. australis has 14,682 proteins in 9375 clusters, and
S. splendens subsp. grantii has 14,545 proteins in 9362 clusters
(Figure 7C). In all, 14,305 proteins in 9229 clusters are shared
between the two taxa, with an additional 146 clusters unique
to S. australis and 133 clusters unique to S. splendens subsp.
grantii. The five GO categories with the largest numbers of
proteins shared between the two taxa are biological process (2501
proteins), metabolic process (2073 proteins), cellular process
(1814 proteins), cellular metabolic process (1743 proteins) and
response to stimulus (1228 proteins). Other clusters of proteins
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FIGURE 6 | Estimated cell counts for each of the four individual plants for each taxon of Saltugilia. Number of cells was estimated by using the mean

bounding box width for each cell type through flower development.

FIGURE 7 | OrthoVenn diagrams of pooled reads for (A) each stage of development: small, half, mid and mature for S. australis, (B) each stage of

development: small, half, mid and mature for S. splendens subsp. grantii, and (C) S. australis and S. splendens subsp. grantii showing clusters of

proteins that are shared and unique to each species.
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that might be relevant for investigating differences in flower size
are developmental process (708 proteins), growth (149 proteins),
cell wall organization (141 proteins), cell growth (112
proteins), cell division (80 proteins) and cell proliferation (28
proteins).

Of the protein clusters unique to S. australis, the top five GO
categories are biological process (50 proteins), metabolic process
(42 proteins), cellular process (39 proteins), cellular metabolic
process (38 proteins) and nitrogen compound metabolic process
(30 proteins). Additionally, 11 proteins are associated with
developmental process, six with cell cycle, three with cell division,
three with growth, two with cell proliferation, two with cell
wall organization and two with cell growth. Categories that
appear to be enriched only in S. australis are ammonium
transmembrane transporter activity and DNA topoisomerase
activity, both associated with the molecular function category.
The top five protein clusters unique to S. splendens subsp. grantii
are the same top five clusters shared between the two species. The
only GO category enriched only in S. splendens subsp. grantii is
maintenance of seed dormancy, a biological process.

Within each species, the number of protein clusters varies
across developmental stages. In S. australis, the four stages
exhibit 12,031 (small stage), 11,415 (half stage), 9502 (mid stage),
and 11,601 (mature stage) protein clusters (Figure 7A). Overall,
7861 protein clusters are shared across the four developmental
stages. The small stage has no unique clusters compared to
the other stages, whereas the half stage has eight, and the mid
and mature stages each have one unique protein cluster. The
unique clusters in the half stage are the only clusters that have
significantly enriched GO terms, and those are: polysaccharide
binding, megasporogenesis and radial pattern formation. Most
clusters shared between at least two stages of development in S.
australis do not have any enriched GO terms except oligopeptide
transporter activity shared between the half and mid stage,
phosphatidylinositol-4-phosophate binding shared between the
small and mid stages and plasma membrane ATP synthesis
coupled proton transport shared between the small and half
stages.

In S. splendens subsp. grantii, the number of protein clusters is
very similar across stages, with 11,377 (small stage), 11,491 (half
stage), 11,781 (mid stage), and 11,505 (mature stage) clusters.
Most of these protein clusters (9198) are shared across all stages
(Figure 7B). The small stage has the most unique clusters with
eight, while the mid stage has one and the mature stage has
two, with the half stage having no unique clusters. The unique
clusters of the small-stage flowers have GO enrichment categories
of regulation of growth rate and positive regulator of organ
growth, while the unique cluster in the mid stage is enriched
with the GO cellular component term nuclear speck. The
unique clusters found in the mature stage are enriched for four
terms: ATP synthesis coupled electron transport, phosphorelay
signal transduction system, NADH dehydrogenase activity and
respiratory chain. As seen in S. australis, most shared clusters
do not have any GO-enriched terms except in a few specific
cases. The clusters shared between small and half stages are
enriched for condensing complex, while the clusters shared
between the small, half and mid stages are enriched for cell wall

modification involved in multidimensional cell growth. There
are four terms enriched in the clusters shared between the small
and mature stages: sulfate transmembrane-transporting ATPase
activity, valine-tRNA ligase activity, aminoacyl-tRNA editing
activity and valyl-tRNA aminoacylation. Four additional terms
are enriched in the clusters shared between the mid and mature
stages: regulation of development (heterochronic), gene silencing
bymiRNA, histone deacetylation and histone deacetylase activity.

In S. australis, the greatest shift in differential expression
occurs between the half and mature stages, in which 300
transcripts are differentially expressed, with 208 transcripts up-
regulated in mature flowers (Figure 8; Table 2). Of these up-
regulated transcripts, 133 are cellular component genes and
seven molecular function genes. Of the cellular component
transcripts, four are associated with the cell wall. The comparison
between mature and mid stages resulted in 95 differentially
expressed transcripts, with 67 of those up-regulated in the mid
stage and 28 up-regulated in the mature stage. In comparison,
only 43 transcripts are differentially expressed between the half
and mid stages. (Comparisons involving flowers in small stages
were not conducted due to lack of replication, with one of the
transcriptomes removed because only 13 transcripts passed the 1
fpkm filtering used.)

In the large-flowered S. splendens subsp. grantii, in constrast,
the greatest shift in expression occurs between the small to mid
stages of flower development, with 1836 transcripts exhibiting
potential differential expression, with 819 being up-regulated
in mid stage flowers and 1017 up-regulated in small stage

FIGURE 8 | Differential gene expression analysis among half, mid and

mature stages of development for two plants of S. australis. Cutoff for

differentially expressed genes was a 4-fold change in expression levels with a

p-value of 0.05. Genes colored in yellow are up-regulated and genes colored

purple are down-regulated compared to the other stages.
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TABLE 2 | Results from differential gene expression analysis between stages of Saltugilia australis (Sa) and S. splendens subsp. grantii (Sg).

Comparison Up-regulated transcriptome Biological process Cellular component Molecular function Total

Sa Mature vs. Sg Mature Sa Mature 4 130 41 382

Sg Mature 1 133 32 354

Sa Mature vs. Sa Half Sa Mature 0 133 7 208

Sa Half 1 46 15 92

Sa Half vs. Sa Mid Sa Half 0 1 1 4

Sa Mid 0 22 3 39

Sa Mature vs. Sa Mid Sa Mature 1 13 7 28

Sa Mid 1 31 4 67

Sg Mature vs. Sg Half Sg Mature 2 176 77 427

Sg Half 7 263 40 452

Sg Mature vs. Sg Mid Sg Mature 2 184 98 506

Sg Mid 4 166 40 280

Sg Mature vs. Sg Small Sg Mature 3 220 44 474

Sg Small 7 286 38 526

Sg Half vs. Sg Mid Sg Half 0 8 1 19

Sg Mid 0 12 5 27

Sg Half vs. Sg Small Sg Half 6 375 65 743

Sg Small 4 306 123 713

Sg Mid vs. Sg Small Sg Mid 6 411 91 819

Sg Small 5 457 160 1017

GO categories for the up-regulated transcripts from comparison are listed, as well as the total number of up-regualated transcripts in each transcriptome.

flowers. The second greatest shift in expression occurs between
small to half stages of flower development with 1456 transcripts
showing differential expression. In the transition between mid
and mature flowers, the number of transcripts with differential
expression in S. splendens subsp. grantii is nearly 8-fold greater
than in the small-flowered S. australis, with 786 transcripts
showing differential expression, 506 of which are up-regulated
in mature flowers (compared with only 28 in S. australis). Of
these, 184 transcripts represent cellular component genes, 98
molecular function genes and two biological function genes.
Twelve of the cellular component genes are associated with the
cell wall, including cell wall organization, growth polysaccharide
catabolic process and trehalose metabolic process. One of
the molecular function genes is associated with the cell wall:
polysaccharide biosynthetic process. The two biological process
genes that are up-regulated in the mature flower both involve cell
division. When comparing mature flowers to half-stage flowers,
S. splendens subsp. grantii (879 transcripts) showed a 4.2-fold
increase in the number of differentially expressed transcripts
compared to S. australis (300 transcripts). Similar to S. australis,
the comparison of mid and half stages resulted in the fewest
number of differentially expressed transcripts with 46.

Comparison between mature stages of S. australis and S.
splendens subsp. grantii yields a total of 736 differentially
expressed transcripts (Figure 9). Of these, 382 are up-regulated
in S. australis, with 354 transcripts up-regulated in S. splendens
subsp. grantii (Supplemental Table 6). Of the up-regulated
transcripts in S. australis, 175 produce BLAST annotations
to GO categories, with 130 of these representing cellular
component genes, 41 molecular function genes and four

biological processes. Of the cellular component GO category
transcripts, 15 represent transcripts associated with the cell
wall, including specific associations with the vacuole and the
regulation of cell proliferation. Three of the molecular function
transcripts have GO categories associated with organization of
the cell wall, with an additional four transcripts involved in
pectin catabolic process. The four biological process category
transcripts involve the auxin activated signaling pathway and
responses to biotic stimulus and stress. Of the up-regulated
transcripts in S. splendens subsp. grantii, 166 BLAST to known
GO categories, with 133 of those cellular component genes, 32
molecular function genes and one biological process. Twenty-
one of the cellular component genes are involved with cell
wall formation, including carbohydrate metabolic process, pectin
catabolic process and cell wall organization, with one of the
molecular function genes associated with the cell wall and cell
wall organization.

Phylogenetic Integration
Integrating the phylogeny of Saltugilia with the flower size data
shows two independent shifts to larger corollas using either
topology recovered (Figure 10). Using the topology based on the
coding regions of the plastome, one case of elongation involves
the clade of S. splendens subsp. grantii and S. splendens subsp.
splendens, with respective sizes of 2.3–2.5 cm and 0.9–1.3 cm.
The second transition is the field accession of S. splendens subsp.
splendens,which has corollas that range in size from 1.1 to 1.5 cm.
When using the complete plastome topology and nuclear genes,
the same transitions are evident for S. splendens subsp. grantii and
the field accession of S. splendens subsp. splendens. The difference
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FIGURE 9 | Differential gene expression analysis between mature

stages of development for two plants of S. australis and S. splendens

subsp. grantii. Cutoff for differentially expressed genes was a 4-fold change

in expression levels with a p-value of 0.05. Genes colored in yellow are

up-regulated and genes colored purple are down-regulated compared to the

other species.

between the reconstructions is the corolla size inferred for some
of the internal nodes.

Multiple shifts in pollinators are evident. When using MP,
regardless of topology, the putative ancestor of Saltugilia
is reconstructed as autogamous. Subsequent transitions to
bee, hummingbird and bee fly (two transitions) are evident.
Under an ML framework, the evolutionary trajectory is
not as clear. In both topologies, the ancestral state for
Saltugilia is equivocal, with equal likelihoods for each of the
pollinator types, with subsequent transitions therefore difficult to
determine.

There is also phylogenetic signal in cell type. Both S. latimeri
and the field sample of S. splendens subsp. splendens possess
jigsaw cells in the corolla during early stages of development,
whereas all other taxa only possess these cells in mature flowers.
These taxa are sisters in both topologies, and there appears to
be a single evolutionary transition yielding jigsaw cells early in
development.

DISCUSSION

Phylogenetic Relationships in Saltugilia
Previous phylogenetic analyses have included multiple members
of Saltugilia, but those either lacked some taxa or were based
on only a small number of markers (Weese and Johnson, 2005;
Johnson, 2007; Landis et al., in review), and not all relationships
were highly supported. In this study, analyses of three data

sets—the coding regions of the plastome, the complete plastome
and 90 nuclear loci—yield high bootstrap values for all nodes.
This concatenation approach for the coding regions of the
plastome and the complete plastome has been utilized before in
previous studies given that the plastome is inherited as a single
locus (Small et al., 1998; Parks et al., 2009; Moore et al., 2010;
Ruhfel et al., 2014). However, even though unlinked nuclear loci
may have different coalescence histories, several recent studies
have found that concatenation methods yield results similar to
species tree reconciliation methods (e.g., Thompson et al., 2014;
Tonini et al., 2015), supporting our use of a concatenated data set
for the nuclear markers as well.

All three datasets suggest the same phylogenetic relatedness
of species, except for the placement of the S. splendens taxa. If
the topology based on both the complete plastome and nuclear
genes is correct, taxonomic revisions are warranted, given the
lack of monophyly of the accessions of S. splendens. Recognition
of each accession as representing a distinct species would be
consistent with both the phylogeny and the morphology of the
three accessions, but further work is needed to investigate these
taxa. In earlier phylogenetic analyses, S. latimeri was found to
be sister to S. australis (Weese and Johnson, 2005; Johnson,
2007). However, these analyses were based on only one to five
genes, and usually a combination of nuclear and plastid genes,
which may show topological incongruence due to hybridization
(Soltis and Kuzoff, 1995; Sang et al., 1997; Okuyama et al.,
2005). Our analysis does not show this relationship between S.
latimeri and S. australis, however, as we recovered S. latimeri to be
sister to the field accession of S. splendens subsp. splendens. This
result suggests that further phylogenetic and taxonomic work
is needed, particularly because of high levels of morphological
variability in S. splendens, making identification of subspecies
difficult (Mark Porter, personal communication). Gilia stellata
was deemed an appropriate outgroup because it has long been
associated with Saltugilia taxonomically, with the proposal that it
be transferred to Saltugilia (Grant, 1959; Grant and Grant, 1965),
but sufficient evidence for this move has never been provided.
Our analysis shows that it is sister to G. brecciarum based on
both plastome and nuclear data, supporting its placement in
Gilia.

Transitions from outcrossing to selfing are prevalent in many
angiosperm groups (e.g., Stebbins, 1974; Bull and Charnov, 1985;
Schoen et al., 1996; Barrett, 2003, 2008, 2013). In transitions
involving changes in outcrossing vector, the most numerous
transitions are bee to hummingbird pollination, with the reverse
being observed less frequently (Barrett, 2013). Previous analysis
of pollinators in Polemoniaceae, with sampling of nearly all
species in the family, shows that the ancestor of Saltugilia
was likely bee-pollinated (Landis et al., in review). If this is
indeed the case, then with the increased sampling of Saltugilia
in the present study, we observe two independent transitions
to autogamy (S. australis and S. latimeri), one transition to
hummingbird pollination (S. splendens subsp. grantii) and at least
one (possibly two) transition to bee fly pollination (S. splendens
subsp. splendens). However, with only Saltugilia and two species
of Gilia represented in the current study, we reconstruct the
ancestor of Saltugilia to be autogamous, with gains of bee,
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FIGURE 10 | Ancestral-state reconstructions of pollinators (A–D) and size (E,F) under a maximum parsimony (MP) and maximum-likelihood (ML)

framework using the two competing topologies. (A) MP of pollinators using the topology from plastid coding genes, (B) ML of pollinators using the topology from

plastid coding genes, (C) MP of pollinators using the topology from the complete plastome and nuclear genes, (D) ML of pollinators using the topology from the

complete plastome and nuclear genes, (E) continuous reconstruction of flower size using the topology from plastid coding genes, and (F) continuous reconstruction

of flower size using the topology from the complete plastome and nuclear genes.
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hummingbird and bee fly pollination. This discrepancy may
be attributed to taxon sampling, not in Saltugilia itself, but
in its close relatives. Based on the larger analysis in Landis
et al. (in review), the sister group to Saltugilia is a clade
consisting of Gilia, Collomia, and Navarretia. In both analyses,
the ancestor of Gilia is reconstructed as autogamous, but in the
larger study, the combination of states results in the common
ancestor of Saltugilia being bee-pollinated and here, autogamous.
This highlights the importance of sufficient taxon sampling for
character state reconstructions; otherwise, the reconstructions
may be skewed to favor only those taxa sampled and not the best
overall evolutionary hypothesis.

The importance of taxon sampling does not seem to be as
significant when reconstructing flower size within Saltugilia. In
the large analysis of Polemoniaceae (Landis et al., in review),
the common ancestors of both Saltugilia and of Gilia were
reconstructed as having flowers 0.8–1.2 cm in length. In both
reconstructions of flower size in the current study, the common
ancestor of Saltugilia had flowers of 0.97–1.13 cm in length.
This concordance between the large and focused analyses may
be due to the fact that the entire clade of Saltugilia, Gilia,
Collomia and Navarretia is composed of relatively small flowers
(Landis et al., in review), so there are no large outliers that
affect the reconstruction of ancestral states. In investigations
of flower size, especially in relation to shifts in pollinators,
transitions from outcrossing to selfing are often accompanied
by transitions to smaller flowers, with examples observed in
Aquilegia paui (Ranunculaceae; Martinell et al., 2011), Arabis
alpha (Brassicaceae; Tedder et al., 2015) and Camissoniopsis
cheiranthifolia (Onagraceae; Button et al., 2012). Our analyses
of Saltugilia show that selfing species have smaller flowers than
their outcrossing congeners, generally due to larger jigsaw and
elongated cells comprising the corolla tube in many of the
outcrossing species and twice as many cells in the large flowers
of the outcrossers as in the small flowers of the selfers.

Cell Morphology and Cell Size
Four types of cells have been identified in developing flowers
of species of Saltugilia: conical, transition, elongated and jigsaw
cells. Jigsaw cells are evident mostly in mature flowers, but
they appear at earlier stages in S. latimeri and S. splendens
subsp. splendens. These jigsaw cells are similar in shape to
the jigsaw pavement cells observed in leaves (Fu et al., 2009).
Previous analyses of epidermal cell shape suggest that these cells
are similar to multiple papillate cells (Kay et al., 1981) and
tabular rugose cells (Ojeda et al., 2009). The development of
leaf jigsaw pavement cells is fairly well characterized (Fu et al.,
2005) and thought to be regulated by cell-cell signaling. The
jigsaw pavement cells in leaves begin as circular cells and then
become elongated before becoming jigsaw shaped (Fu et al.,
2005). The cells in the corolla tube of flowers in Polemoniaceae
exhibit similar developmental characteristics to these jigsaw
pavement cells by starting out more circular in earlier stages, with
later elongation and finally formation of jigsaw cells (Figure 3).
However, jigsaw cells are not ubiquitous in corolla tubes across
angiosperms, as they have not been identified in multiple
species of Petunia (P. axillaris, P. exserta, and P. integrifolia;

Landis, unpublished data) but have been reported in the flowers
of 13 families (Kay et al., 1981), including Caryophyllaceae,
Onagraceae, Polygonaceae and Primulaceae, and are thought to
be important for rapid petal expansion.

The shape of petal epidermal cells represents an evolutionarily
labile trait, hypothesized to be regulated by a small subfamily of
duplicate transcription factors (Glover et al., 2015). The petal
epidermis, especially the epidermis located in the petal lobes,
is composed of conical cells that enhance the attractiveness of
the flower to potential pollinators by modifying flower color by
focusing light on pigmented cells, affecting surface texture for
pollinator grip and affecting floral surface temperature (Kevan
and Lane, 1985; Noda et al., 1994; Comba et al., 2000; Whitney
and Glover, 2007). In Antirrhinum, formation of these conical
cells is regulated by a MYB-related transcription factor, MIXTA,
and related genes MIXTA-LIKE 1, MIXTA-LIKE 2, and MIXTA-
LIKE3 (Noda et al., 1994; Glover et al., 1998; Martin et al.,
2002; Perez-Rodriguez, 2005; Baumann et al., 2007). Phylogenetic
analyses by Brockington et al. (2013) of the closely related
MIXTA MYB transcription factors showed multiple duplication
events, including in the common ancestor of the eudicots
and multiple lineage-specific duplications. This pattern of gene
duplication and functional diversification suggests that changes
in petal epidermal cells involving cell types other than conical
cells may likewise be affected by similar patterns of divergence
in transcription factors associated with gene duplication
events.

In Saltugilia, the difference in flower size appears to be
determined more by cell size than cell number, although cell
numbers also increase in the large flowers in the genus. Given
that organ sculpting via localized cell division is the key factor
determining the initiation of nectar spurs inAquilegia (Yant et al.,
2015), with cell elongation responsible for variation in length of
the spurs (Puzey et al., 2012), corolla development, in both shape
and size, may involve multiple processes. More specifically, even
the size of different parts of the flower (and/or leaves) may be
controlled by different mechanisms. For example, in Petunia, the
area of single cells begins to increase at the base of the petal
tube and then gradually progresses toward the tip of the petal
lobes, with distinct differences in cell growth and expansion in
the bottom third of the corolla (Reale et al., 2002; Stuurman et al.,
2004). Our results for Saltugilia follow this general pattern. In the
earliest developmental stage investigated (25% of mature flower
length), the sizes of conical, transition and elongated cells are
similar. By the half and mid stages, the elongated cells have had a
2–5-fold change in size, while the conical cells have undergone a
1.5–2-fold increase in size.

In addition to these changes in cell size during development of
the corolla in Saltugilia, the most obvious change in cell number
is the appearance of jigsaw cells in most taxa between the mid
and mature stages of flower development. With the formation of
jigsaw cells, the number of elongated cells diminishes, in some
cases between 20 and 140 cells (Supplemental Table 4). This is
in stark contrast to development in Petunia, which exhibits no
appreciable changes in cell number in any domain of the flower
throughout development (Stuurman et al., 2004). In Saltugilia,
changes in the number of conical and transition cells are much
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less pronounced. The general trend appears to be a marginal
increase in the number of conical cells and a decrease in the
number of transition cells. When comparing estimates of total
cell numbers across all flowers, the majority of flowers appear
to be composed of 200–250 cells. In contrast, three of the four
plants of the large-flowered S. splendens subsp. grantii have
estimates ranging between 400 and 450 cells, with the fourth
plant estimated to have 567 cells in the mature flower. The field-
collected accession of S. splendens subsp. splendens has flowers
with more than 300 cells. These two taxa bear the largest flowers
in Saltugilia and are clearly non-monophyletic, indicating two
independent evolutionary origins of large flowers, in both cases
accomplished through increased cell number in conjunction with
increased cell size.

Genetics of Flower Size
The most abundant GO categories detected in analyses of
transcripts from both S. australis and S. splendens subsp. grantii
are biological process, metabolic process, cellular process, cellular
metabolic process and response to stimuli. However, those
transcripts that were mostly up-regulated in S. splendens subsp.
grantii relative to the smaller-flowered S. australis were cellular
component genes, which were ranked 21st in the total number
of genes found in the presence/absence comparison between
species. Additionally, some molecular function genes and a small
subset of biological process genes were also up-regulated in
S. splendens subsp. grantii. With the formation of jigsaw cells,
and their apparent importance in contributing to overall corolla
length (Figure 5), genes associated with cell wall formation
and organization may provide the genetic framework for larger
flowers in Saltugilia.

Additional evidence supporting this hypothesis for the
importance of cellular component genes comes from comparison
of GO categories for differentially expressed transcripts in
different developmental stages within species. With a single
exception (the comparison of half and mid stages in S. australis),
all comparisons of gene expression show that the largest category
of up-regulated transcripts is for the cellular component genes.
This trend is most apparent in the size comparisons of S.
splendens subsp. grantii. Comparisons of the small and mid
stage transcriptomes resulted in 411 cell component genes up-
regulated in the mid stage and 457 up-regulated in the small
stage. The large amount at the small stage may be attributed to
the formation of new cells and cell walls, while the up-regulation
in the mid stage may be the result of elongated cells starting
to undergo the necessary changes to become jigsaw cells. Even
though the small stage of S. australis could not be included in the
developmental comparisons, when comparing the mature and
mid stages of flower development to the half stage, transcripts
attributed to cell component functions are up-regulated in the
later stages, with 133 genes up-regulated in the mature stage
compared to the half stage and 22 transcripts up-regulated in the
mid stage compared to the half stage. The observation that such
a large subset of cellular component transcripts, specifically cell
wall modification genes, is up-regulated may not be surprising
given that approximately 15% of the Arabidopsis genome is
dedicated to cell wall formation and modification (Carpita et al.,

2001). Weiss et al. (2005) reviewed the importance of the process
of cell wall deposition and how the cell wall is formed, producing
important changes in floral organ size. Thus, the many genes
involved in cell wall formation in general provide a large pool of
genes for which expression may be modified to yield variation in
cell size and cell number, effecting changes in flower size as well
as other traits.

Many published studies have shown possible effects of
candidate genes for floral size identified in the model systems
Arabidopsis thaliana and Antirrhinum majus (Herzog et al.,
1995; Elliott et al., 1996; Mizukami, 2001; Kim et al., 2002;
Disch et al., 2006; Krizek, 2009; Xu and Li, 2011). However,
none of the genes hypothesized to play a major role in overall
size appears to be differentially expressed between the larger
flowers of S. splendens subsp. grantii and the smaller flowers
of S. australis. Orthologs of JAGGED, OPR3, BIG BROTHER,
KLH, GAST1 and GASA were identified in the reference
assemblies for both species and were also detected in each
of the developmental stages for both species. These candidate
genes are expressed, but not differentially so, between the small-
flowered S. australis and the large-flowered S. splendens subsp.
grantii, or differentially expressed among stages within species.
Because of this, their function and roles in Saltugilia are currently
uncertain. Additional genes compiled by Hepworth and Lenhard
(2014) have been identified to be associated with growth and
expansion of leaves. Many of these additional genes, such as
AUXIN RESPONSE FACTOR2, TARGET-OF-RAPAMAYCIN and
SPINDLY, were found in the reference assemblies, but were
not identified as genes differentially expressed between the two
species or between stages within species. The lack of differential
expression of these additional genes may not be surprising,
however, given that Anastasiou and Lenhard (2007) found that
QTL that affect leaf size and shape are largely distinct from those
influencing floral organs, at least in Arabidopsis and tomato.
Therefore, candidate genes from leaf growth and leaf size may
not be good candidates for controlling differences in corolla size.
Additional avenues for flower size may be the role of hormones,
given that in the non-model species Gaillardia grandiflora,
corolla growth was accomplished by an increase in gibberellin
activity (Koning, 1984).

Transcriptome analysis of additional taxa of Saltugilia may
contribute to the discovery of the genetic component(s) of flower
size differences in Saltugilia. Comparing the transcriptomes of S.
latimeri and the field accession of S. splendens subsp. splendens,
especially at earlier stages of development, will be informative,
given that jigsaw cells appear earlier in development in both
taxa than in the other taxa investigated. Furthermore, functional
analyses (using Virus Induced Gene Silencing) and additional
expression studies using qPCR in Saltugilia, as well as in model
species, are needed to evaluate the possible roles of the candidate
genes identified here in determining flower size.

CONCLUSIONS

In Saltugilia, there are two independent evolutionary transitions
from smaller to longer flowers, possibly driven by selective
pressures of hummingbird and bee fly pollination. The longer
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corollas of S. splendens subsp. grantii and the field accession of
S. splendens subsp. splendens show significant increases in the cell
area of jigsaw cells, as well as slightly longer elongated cells. In
addition to increased cell size in S. splendens subsp. grantii, there
is also a large increase in the estimated number of cells making
up the corolla tube, especially of jigsaw cells. Comparisons of
the transcriptome profiles across developmental stages of the
taxa having the smallest and largest flowers, including within-
and between-taxon comparisons, resulted in the identification of
many genes associated with cell wall formation and organization
that are up-regulated in the mature stages compared to earlier
stages of development and between the small-flowered S. australis
and the large-flowered S. splendens subsp. grantii. This shift in
gene expression profiles coincides with the presence of jigsaw
cells, which form a considerable proportion of the mature flowers
in Saltugilia. None of the candidate genes known to affect cell
size show differential expression between the small- and large-
flowered species, but the transcriptome profiles suggest many
possible candidates for controlling differences in corolla size in
Saltugilia.

AUTHOR CONTRIBUTIONS

Primary project design was accomplished by JL, DS and PS, while
data collection was done by JL, DO, KV and RO. Data analysis

was performed by JL, MG, DS and PS. All authors have approved
the final version of the submitted manuscript and all agree to be
accountable for all aspects of the work.

ACKNOWLEDGMENTS

The authors thank Tasha LaDoux, Duncan Bell and Evan
Meyers for help in obtaining flower material, Leigh Johnson for
help in obtaining flower material as well as his many insights
based on years of working with Polemoniaceae in the field,
Milda Stanislauskas and Margarita Hernandez for assistance
with lab work, Nicolas Garcia for bioinformatics help, Marissa
Gredler for contributions to the analyses of cell shape and two
reviewers for their comments and suggestions. This work was
funded by the following grants: NSF DDIG DEB1406650 (PS
and JL), BSA Graduate Student Research Grant (JL), Sigma
Xi Grant in Aid of Research (JL) and a microMorph training
grant (JL).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2015.
01144

REFERENCES

Alapetite, E., Baker, W. J., and Nadot, S. (2014). Evolution of stamen number

in Ptychospermatinae (Arecaceae): insights from a new moleuclar

phylogeny of the subtribe. Mol. Phylogent. Evol. 76, 227–240. doi:

10.1016/j.ympev.2014.02.026

Anastasiou, E., and Lenhard, M. (2007). Growing up to one’s standard. Curr. Opin.

Plant Biol. 10, 63–69. doi: 10.1016/j.pbi.2006.11.002

Barrett, S. C. H. (2003). Mating strategies in flowering plants: the outcrossing-

selfing paradigm and beyond. Philos. Trans. R. Soc. Lond. B 358, 991–1004. doi:

10.1098/rstb.2003.1301

Barrett, S. C. H. (2008). Major evolutionary transitions in flowering plant

reproduction: an overview. Intl. J. Plant Sci. 169, 1–5. doi: 10.1086/

522511

Barrett, S. C. H. (2013). The evolution of plant reproductive systems:

how often are transitions irreversible? Proc. Biol. Sci. 280:20130913. doi:

10.1098/rspb.2013.0913

Baumann, K., Perez-Rodriguez, M., Bradley, D., Venail, J., Bailey, P., Jin, H., et al.

(2007). Control of cell and petal morphogenesis by R2R3 MYB transcription

factors. Development 134, 1691–1701. doi: 10.1242/dev.02836

Ben-Nissan, G., Lee, J.-Y., Borohov, A., and Weiss, D. (2004). GIP, a Petunia

hybrida GA-induced cysteine-rich protein: a possible role in shoot elongation

and transition to flowering. Plant J. 37, 229–238. doi: 10.1046/j.1365-

313X.2003.01950.x

Brockington, S. F., Alvarez-Fernandez, R., Landis, J. B., Alcorn, K., Walker, R. H.,

Thomas, M. M., et al. (2013). Evolutionary analysis of the MIXTA gene family

highlights potential targets for the study of cellular differentiation. Mol. Biol.

Evol. 30, 526–540. doi: 10.1093/molbev/mss260

Bruneau, A. (1997). Evolution and homology of bird pollination syndromes in

Erythrina. Am. J. Bot. 84, 54–71. doi: 10.2307/2445883

Brunet, J. (2009). Pollinators of the Rocky Mountain columbine: temporal

variation, functional groups and associations with floral traits. Ann. Bot. 103,

1567–1578. doi: 10.1093/aob/mcp096

Bull, J. J., and Charnov, E. L. (1985). On irreversible evolution. Evolution 39,

1149–1155. doi: 10.2307/2408742

Butler, T., Dick, C., Carlson, M. L., and Whittall, J. B. (2014). Transcriptome

analysis of a petal anthocyanin polymorphism in the arctic mustard, Parrya

nudicaulis. PLoS ONE 9:e101338. doi: 10.1371/journal.pone.0101338

Button, L., Villalobos, A. L., Dart, S. R., and Eckert, C. G. (2012). Reduced

petal size and color associated with transitions from outcrossing to selfing in

Camissoniopsis cheiranthifolia (Onagraceae). Int. J. Plant Sci. 173, 251–260. doi:

10.1086/663972

Carpita, N., Tierney, M., and Campbell, M. (2001). Molecular biology of the

plant cell wall: searching for the genes that define structure, architecture and

dynamics. Plant Mol. Biol. 47, 1–5. doi: 10.1023/A:1010603527077

Chamala, S., García, N., Godden, G. T., Krishnakumar, V., Jordon-Thaden,

I. E., De Smet, R., et al. (2015). MarkerMiner 1.0: a new application for

phylogenetic marker development using angiosperm transcriptomes. Appl.

Plant Sci. 3:1400115. doi: 10.3732/apps.1400115

Chang, L., Zhiyong, L., Xueling, Y., Yiheng, W., Qian, M., and Hui, F. (2014).

Transcriptome analysis of the chinese cabbage (Brassica rapa ssp. pekinensis)

petal using RNA-Seq. J. Hortic. 1:114. doi: 10.4172/2376-0354.1000114

Comba, L., Corbet, S. A., Hunt, H., Outram, S., Parker, J. S., and Glover, B. J. (2000).

The role of genes influencing the corolla in pollination of Antirrhinum majus.

Plant Cell Environ. 23, 639–647. doi: 10.1046/j.1365-3040.2000.00580.x

Crepet, W. L. (1995). Advanced (constant) insect pollination mechanisms: pattern

of evolution and implications vis-à-vis angiosperm diversity.Ann.Missouri Bot.

Gard. 6, 607–630.

Crepet, W. L., and Niklas, K. J. (2009). Darwin’s second “Abominable mystery”:

why are there so many angiosperm species? Am. J. Bot. 96, 366–381. doi:

10.3732/ajb.0800126

Cronk, Q., and Ojeda, I. (2008). Bird-pollinated flowers in an evolutionary and

molecular context. J. Exp. Bot. 59, 715–727. doi: 10.1093/jxb/ern009

Darriba, D., Taboada, G. L., Doallo, R., and Posada, D. (2012). jModelTest 2:

more models, new heuristics and parallel computing. Nat. Methods 9, 772. doi:

10.1038/nmeth.2109

Frontiers in Plant Science | www.frontiersin.org 17 January 2016 | Volume 6 | Article 1144

http://journal.frontiersin.org/article/10.3389/fpls.2015.01144
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Landis et al. Flower Size Phenotypes and Genetics

Disch, S., Anastasiou, E., Sharma, V. K., Laux, T., Fletcher, J. C., and Lenhard,

M. (2006). The E3 ubiquitin ligase BIG BROTHER controls arabidopsis

organ size in a dosage-dependent manner. Curr. Biol. 16, 272–279. doi:

10.1016/j.cub.2005.12.026

Doyle, J. J., and Doyle, J. L. (1987). A rapid DNA isolation procedure for small

quantities of fresh leaf tissue. Phytochem. Bull. 19, 11–15.

Elliott, R. C., Betzner, A. S., Huttner, E., Oakes, M. P., Tucker, W. Q. J., Gerentes,

D., et al. (1996). AINTEGUMENTA, an APETALA2-like gene of Arabidopsis

with pleiotropic roles in ovule development and floral organ growth. Plant Cell.

8, 155–168. doi: 10.1105/tpc.8.2.155

Fenster, C. B., Armbruster, W. S., Wilson, P., Dudash, M. R., and Thomson, J. D.

(2004). Pollination syndromes and floral specialization. Annu. Rev. Ecol. Evol.

Syst. 35, 375–403. doi: 10.1146/annurev.ecolsys.34.011802.132347

Ferguson, C. J., and Jansen, R. K. (2002). A chloroplast DNA phylogeny of Eastern

Phlox (Polemoniaceae): implicatins of congruence and incongruence with the

ITS phylogeny. Am. J. Bot. 89, 1324–1335. doi: 10.3732/ajb.89.8.1324

Fu, Y., Gu, Y., Zheng, Z., Wasteneys, G., and Yang, Z. (2005). Arabidopsis

interdigitating cell growth requires two antagonistic pathways with opposing

action on cell morphogenesis. Cell 120, 687–700. doi: 10.1016/j.cell.2004.

12.026

Fu, Y., Xu, T., Zhu, L., Wen, M., and Yang, Z. (2009). A ROP GTPase

signaling pathway controls cortical microtubule ordering and cell expansion

in Arabidopsis. Curr. Biol. 19, 1827–1832. doi: 10.1016/j.cub.2009.08.052

Fulton, M., and Hodges, S. A. (1999). Floral isolation between Aquilegia formosa

and Aquilegia pubescens. Proc. Natl. Acad. Sci. U.S.A. 19, 2493–2496. doi:

10.1098/rspb.1999.0915

Galen, C., and Cuba, J. (2001). Down the tube: pollinators, predators, and

the evolution of flower shape in the alpine skypilot, Polemonium viscosum.

Evolution 55, 1963–1971. doi: 10.1111/j.0014-3820.2001.tb01313.x

Galliot, C., Stuurman, J., and Kuhlemeier, C. (2006). The genetic dissection

of floral pollination syndromes. Curr. Opin. Plant Biol. 9, 78–82. doi:

10.1016/j.pbi.2005.11.003

Givnish, T. J. (2002). Ecological constraints on the evolution of plasticity in plants.

Evol. Ecol. 16, 213–242. doi: 10.1023/A:1019676410041

Glasbey, C., and Horgan, G. (1995). Image analysis for the Biological Sciences.

Hoboken, NJ: Wiley Publishing.

Glover, B. J. (2007).Understanding Flowers and Flowering: An Integrated Approach.

Oxford, UK: Oxford University Press.

Glover, B. J., Airoldi, C. A., Brockington, S. F., Fernández-Mazuecos, M., Martínez-

Pérez, C., Mellers, G., et al. (2015). How have advances in comparative floral

development influenced our understanding of floral evolution? Int. J. Plant Sci.

176, 307–323. doi: 10.1086/681562

Glover, B. J., Perez-Rodriguez, M., and Martin, C. (1998). Development ofseveral

epidermal cell types can be specified by the same MYB-related plant

transcription factor. Development 125, 3497–3508.

Gómez, J. M., Abdelaziz, M., Muñoz-Pajares, J., and Perfectti, F.

(2009). Heritability and genetic correlation of corolla shape and

size in Erysimum mediohispanicum. Evolution 63, 1820–1831. doi:

10.1111/j.1558-5646.2009.00667.x

Goodspeed, T. H., and Clausen, R. E. (1915). Factors influencing flower size in

Nicotiana with special reference to questions of inheritance. Am. J. Bot. 2,

332–374. doi: 10.2307/2435145

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A.,

Amit, I., et al. (2013). Trinity: reconstructing a full-length transcriptome

without a genome from RNA-Seq data. Nat. Biotechnol. 29, 644–652. doi:

10.1038/nbt.1883

Grant, V. (1959). Natural History of the Phlox Family. Hague: Martinus Nijhoff.

Grant, V., and Grant, K. A. (1965). Flower Pollination in the Phlox Family. New

York, NY: Columbia University Press.

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden,

J., et al. (2013). De novo transcript sequence reconstruction from RNA-seq

using the Trinity platform for reference generation and analysis. Nat. Protoc.

8, 1494–1512. doi: 10.1038/nprot.2013.084

Hepworth, J., and Lenhard, M. (2014). Regulation of plant lateral-organ growth

by modulating cell number and size. Curr. Opin. Plant Biol. 17, 36–42. doi:

10.1016/j.pbi.2013.11.005

Herzog, M., Dorne, A., and Grellet, F. (1995). GASA, a gibberellin-regulated

gene family known from Arabidopsis thaliana related to the tomato

GAST1 gene. Plant Mol. Biol. 1766, 743–752. doi: 10.1007/BF000

20227

Irish, V. F. (2008). The Arabidopsis petal: a model for plant organogenesis. Trends

Plant Sci. 13, 430–436. doi: 10.1016/j.tplants.2008.05.006

Johnson, L. A. (2007). Transfer of the Western North American species Gilia

splendens to Saltugilia (Polemoniaceae), and the taxonomic affinities of

Gilia scopulorum, Gilia stellata, and Gilia yorkii. Novon 503, 193–197. doi:

10.3417/1055-3177(2007)17[193:TOTWNA]2.0.CO;2

Johnson, L. A., Chan, L. M., Weese, T. L., Busby, L. D., and McMurry, S.

(2008). Nuclear and cpDNA sequences combined provide strong inference of

higher phylogenetic relationships in the phlox family (Polemoniaceae). Mol.

Phylogenet. Evol. 48, 997–1012. doi: 10.1016/j.ympev.2008.05.036

Johnson, L. A., Schultz, J. L., Soltis, D. E., and Soltis, P. S. (1996). Monophyly and

Generic Relationships of Polemoniaceae Based on matK Sequences. Am. J. Bot.

83, 1207–1224. doi: 10.2307/2446205

Johnson, S. D., Linder, H. P., and Steiner, K. E. (1998). Phylogney and radiation

of pollination systems in Disa (Orchidaceae). Am. J. Bot. 85, 402–411. doi:

10.2307/2446333

Joshi, N. A., and Fass, J. N. (2011). Sickle: A Sliding-Window, Adaptive, Quality-

Based Trimming Tool for FastQ Files. version 1.33. Available online at https://

github.com/najoshi/sickle

Kaczorowski, R. L., Juenger, T. E., and Holtsford, T. P. (2008). Heritability and

correlation structure of nectar and floral morphology traits in Nicotiana alata.

Evolution 62, 1738–1750. doi: 10.1111/j.1558-5646.2008.00400.x

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment

software version 7: improvements in performance and usability.Mol. Biol. Evol.

30, 772–780. doi: 10.1093/molbev/mst010

Kay, Q. O. N., Daoud, H. S., and Stirton, C. H. (1981). Pigment distribution,

light reflection and cell structure in petals. Bot. J. Linn. Soc. 83, 57–84. doi:

10.1111/j.1095-8339.1981.tb00129.x

Kearns, C. A., Inouye, D. W., Waser, N. M., Kearns, C. A., Inouye, D.

W., and Waser, N. M. (2015). Endangered mutualisms: the conservation

of plant-pollinator interactions. Annu. Rev. Ecol. Syst. 29, 83–112. doi:

10.1146/annurev.ecolsys.29.1.83

Kent, W. J. (2002). BLAT – the BLAST-like aligntment tool. Genome Res. 12,

656–664. doi: 10.1101/gr.229202. Article published online before March 2002

Kevan, P. G., and Lane, M. A. (1985). Flower petal microtexture is a tactile cue for

bees. Proc. Natl. Acad. Sci. U.S.A. 82, 4750–4752. doi: 10.1073/pnas.82.14.4750

Kim, G. T., Shoda, K., Tsuge, T., Cho, K. H., Uchimiya, H., Yokoyama, R., et al.

(2002). The ANGUSTIFOLIA gene of Arabidopsis, a plant CtBP gene, regulates

leaf-cell expansion, the arrangement of cortical microtubules in leaf cells and

expression of a gene involved in cell-wall formation. EMBO J. 21, 1267–1279.

doi: 10.1093/emboj/21.6.1267

Koning, E. (1984). The roles of plant hormones in the growth of the corolla

of Gaillardia grandiflora (Asteraceae) ray flowers. Am. J. Bot. 71, 1–8. doi:

10.2307/2443617

Kotilainen, M., Helariutta, Y., Mehto, M., Pollanen, E., Albert, V., Elomaa, P.,

et al. (1999). GEG participates in the regulation of cell and organ shape during

corolla and carpel development in gerbera hybrida. Plant Cell 11, 1093–1104.

doi: 10.1105/tpc.11.6.1093

Krizek, B. (2009). AINTEGUMENTA and AINTEGUMENTA-LIKE6 act

redundantly to regulate Arabidopsis floral growth and patterning. Plant

Physiol. 150, 1916–1929. doi: 10.1104/pp.109.141119

Lambrecht, S. C. (2013). Floral water costs and size variation in the highly

selfing leptosiphon bicolor (Polemoniaceae). Int. J. Plant Sci. 174, 74–84. doi:

10.1086/668230

Landis, J. B., Ventura, K. L., Soltis, D. E., Soltis, P. S., and Oppenheimer, D. G.

(2015). Optical Sectioning and 3D reconstructions as an alternative to scanning

electron microscopy for analysis of cell shape. Appl. Plant Sci. 3:1400112. doi:

10.3732/apps.1400112

Lanfear, R., Calcott, B., Ho, S. Y. W., and Guindon, S. (2012). Partitionfinder:

combined selection of partitioning schemes and substitution models

for phylogenetic analyses. Mol. Biol. Evol. 29, 1695–1701. doi:

10.1093/molbev/mss020

Lock, I. E., Sokoloff, D. D., and Remizowa, M. V. (2011). Morphogenetic lability

of the Ruppia maritima (Ruppiaceae, Alismatales) reproduction organs: from

two lateral flowers to a terminal flower. Russ. J. Dev. Biol. 42, 247–260. doi:

10.1134/S1062360411040084

Frontiers in Plant Science | www.frontiersin.org 18 January 2016 | Volume 6 | Article 1144

https://github.com/najoshi/sickle
https://github.com/najoshi/sickle
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Landis et al. Flower Size Phenotypes and Genetics

Mack, J. L. K., and Davis, A. R. (2015). The relationship between cell division and

elongation during development of the nectar-yielding petal spur inCentranthus

ruber (Valerianaceae). Ann. Bot. 115, 641–649. doi: 10.1093/aob/mcu261

Maddison, W. P., and Maddison, D. R. (2015). Mesquite: A Modular System for

Evolutionary Analysis. version 3.03. Available online at: http://mesquiteproject.

org

Martin, C., Bhatt, K., Baumann, K., Jin, H., Zachgo, S., Roberts, K., et al. (2002).

The mechanics of cell fate determination in petals. Philos. Trans. R. Soc. B 357,

809–813. doi: 10.1098/rstb.2002.1089

Martin, C., and Gerats, T. (1993). Control of pigment biosynthesis genes during

petal development. Plant Cell 5, 1253–1264. doi: 10.1105/tpc.5.10.1253

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput

sequencing reads. EMBnet. J. 17, 10–12. doi: 10.14806/ej.17.1.200

Martinell, M. C., Rovira, A., Blanché, C., and Bosch, M. (2011). Shift towards

autogamy in the extremely narrow endemic Aquilegia paui and comparison

with its widespread close relative A. vulgaris (Ranunculaceae). Plant Syst. Evol.

295, 73–82. doi: 10.1007/s00606-011-0463-x

Mitchell, R. J., and Shaw, R. G. (1993). Heritability of floral traits for the perennial

wild flower Penstemon centranthifolius (Scrophulariaceae): clones and crosses.

Heredity 71, 185–192. doi: 10.1038/hdy.1993.123

Mizukami, Y. (2001). A matter of size: developmental control of organ size in

plants. Curr. Opin. Cell Biol. 4, 533–539. doi: 10.1016/S1369-5266(00)00212-0

Mizukami, Y., and Fischer, R. L. (2000). Plant organ size control:

AINTEGUMENTA regulates growth and cell numbers during organogenesis.

Proc. Natl. Acad. Sci. U.S.A. 97, 942–947. doi: 10.1073/pnas.97.2.942

Moore, M. J., Soltis, P. S., Bell, C. D., Burleigh, J. G., and Soltis, D. E.

(2010). Phylogenetic analysis of 83 plastid genes furhter resolves the early

diversification of eudicots. Proc. Natl. Acad. Sci. U.S.A. 107, 4623–4628. doi:

10.1073/pnas.0907801107

Noda, K., Glover, B. J., Linstead, P., and Martin, C. (1994). Flower color intensity

depends on specialized cell-shape controlled MYB-related transcription factor.

Nature 369, 661–664. doi: 10.1038/369661a0

Ojeda, I., Francisco-Ortega, J., and Cronk, Q. C. B. (2009). Evolution of petal

epidermal micromorphology in Leguminosae and its use as a marker of petal

identity. Ann. Bot. 104, 1099–1110. doi: 10.1093/aob/mcp211

Ojeda, I., Santos-Guerra, A., Caujape-Castells, J., Jaen-Molina, R., Marrero, A.,

and Cronk, Q. C. B. (2012). Comparative micromorphology of petals in

Macaronesian Lotus (Leguminosae) reveals a loss of papillose conical cells

during the evolution of bird pollination. Int. J. Plant Sci. 173, 365–374. doi:

10.1086/664713

Okuyama, Y., Fujii, N., Wakabayshi, M., Kawakita, A., Ito, M., Watanabe,

M., et al. (2005). Nonuniform concerted evolution and chloroplast capture:

heterogeneity of observed introgression patterns in three molecular data

partiion phylogenies of Asian Mitella (Saxifragaceae). Mol. Biol. Evol. 22,

285–296. doi: 10.1093/molbev/msi016

Parks, M., Cronn, R., and Liston, A. (2009). Increasing phylogenetic resolution

at low taxonomic levels using massively parallel sequencning of chloroplast

benomes. BMC Biol. 7:84. doi: 10.1186/1741-7007-7-84

Perez-Rodriguez, M. (2005). Development of three different celly types is

associated with the activity of a specific MYB transcription factor in the

ventral petal of Antirrhinum majus flowers. Development 132, 359–370. doi:

10.1242/dev.01584

Pina, S. D., Souer, E., and Koes, R. (2014). Arguments in the evo-devo debate: say

it with flowers! J. Exp. Bot. 65, 2231–2242. doi: 10.1093/jxb/eru111

Porter, J. M., and Johnson, L. A. (2000). A phylogenetic classification of

Polemoniaceae. Aliso 19, 55–91.

Prather, L. A., Ferguson, C. J., and Jansen, R. K. (2000). Polemoniaceae phylogeny

and classification: implications of sequence data from the chloroplast gene

ndhF. Am. J. Bot. 87, 1300–1308. doi: 10.2307/2656723

Puzey, J. R., Gerbode, S. J., Hodges, S. A., Kramer, E. M., and Mahadevan,

L. (2012). Evolution of spur-length diversity in Aquilegia petals is achieved

solely through cell-shape anisotropy. Proc. Biol. Sci. 279, 1640–1645. doi:

10.1098/rspb.2011.1873

Reale, L., Porceddu, A., Lanfaloni, L., Moretti, C., Zenoni, S., Pezzotti, M.,

et al. (2002). Patterns of cell division and expansion in developing petals of

Petunia hybrida. Sex. Plant Reprod. 15, 123–132. doi: 10.1007/s00497-002-

0150-8

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a

bioconductor package for differential expression analysis of digital gene

expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/

btp616

Ruhfel, B. R., Gitzendanner, M. A., Soltis, P. S., Soltis, D. E., and Burleigh,

J. G. (2014). From algae to angiosperms—inferring the phylogeny of green

plants (Viridiplantae) from 360 plastid genomes. BMC Evol. Biol. 14:23. doi:

10.1186/1471-2148-14-23

Sang, T., Crawford, D. J., and Stuessey, T. F. (1997). Chloroplast DNA phylogeny,

reticulate evolution, and biogeography of Paeonia (Paeoniaceae).Am. J. Bot. 84,

1120–1136. doi: 10.2307/2446155

Schemske, D. W., and Bradshaw, H. D. (1999). Pollinator preference and the in

monkeyflowers (Mimulus) evolution of floral traits. Proc. Natl. Acad. Sci. U.S.A.

96, 11910–11915. doi: 10.1073/pnas.96.21.11910

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,

et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682. doi: 10.1038/nmeth.2019

Schoen, D. J., Morgan, M. T., and Bataillon, T. (1996). How does self-

pollination evolve? Inferences from floral ecology and molecular genetic

variation. Phil. Trans. R. Soc. Lond. B. 351, 1281–1290. doi: 10.1098/rstb.

1996.0111

Schönenberger, J. (2009). Comparative Floral Structure and Systematics of

Fouquieriaceae and Polemoniaceae (Ericales). Int. J. Plant Sci. 170, 1132–1167.

doi: 10.1086/605875

Small, R. L., Ryburn, J. A., Cronn, R. C., Seelanan, T., andWendel, J. F. (1998). The

tortoise and the hare: choosing between noncoding plastome and nuclear ADH

sequences for phylogeny reconstruction in a recently divereged plant group.

Am. J. Bot. 85, 1301–1315. doi: 10.2307/2446640

Soltis, D.E., and Kuzoff, R.K. (1995). Discordance between nuclear and chloroplast

phylogenies in the Heuchera group (Saxifragaceae). Evolution 49, 727–742. doi:

10.2307/2410326

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis

and post-analysis of large phylogenies. Bioinformatics 30, 1312–1313. doi:

10.1093/bioinformatics/btu033

Stebbins, G. L. (1974). Flowering Plants: Evolution above the Species Level.

Cambridge, MA: Belknap Press.

Strakosh, S. C., and Ferguson, C. J. (2005). Pollination biology of four

Southwestern species of Phlox (Polmeoniaceae): insect visititation in relation

to corolla tube length. Southwest. Nat. 50, 291–301. doi: 10.1894/0038-

4909(2005)050[0291:PBOFSS]2.0.CO;2

Stuurman, J., Hoballah, M. E., Broger, L., Moore, J., Basten, C., and Kuhlemeier,

C. (2004). Dissection of floral pollination syndromes in Petunia. Genetics 168,

1585–1599. doi: 10.1534/genetics.104.031138

Tedder, A., Carlial, S., Golebiewska, M., Kappel, C., Shimizu, K. K., and Stift, M.

(2015). Evolution of the selfing syndrome in Arabis alpina (Brassicaceae). PLoS

ONE 10:e012618. doi: 10.1371/journal.pone.0126618

Thompson, A. W., Betancur-R, R., López-Fernández, H., and Ortí, G.

(2014). A time-calibrated, multi-locus phylogeny of piranhas and

pacus (Characiformes: Serrasalmidae) and a comparison of species tree

methods. Mol. Phylogenet. Evol. 81, 242–257. doi: 10.1016/j.ympev.2014.

06.018

Tonini, J., Moore, A., Stern, D., Shcheglovitova, M., and Ortí, G. (2015).

Concatenation and species tree methods exhibit statistically indistinguishable

accuracy under a range of simulated conditions. PLoS Curr. 7:ecurrents.

tol.34260cc27551a527b124ec5f6334b6be. doi: 10.1371/currents.tol.34260cc

27551a527b124ec5f6334b6be

UniProt Consortium (2015). UniProt: a hub for protein information. Nucleic Acid

Res. 43, D204–D212. doi: 10.1093/nar/gku989

Van der Niet, T., and Johnson, S. D. (2012). Phylogenetic evidence for pollinator-

driven diversification of angiosperms. Trends Ecol. Evol. 27, 353–361. doi:

10.1016/j.tree.2012.02.002

Wang, Y., Coleman-Derr, D., Chen, G., and Gu, Y. Q. (2015). OrthoVenn:

a web server for genome wide comparison and annotation of orthologous

clusters across multiple species. Nucleic Acids Res. 43, W78–W84. doi:

10.1093/nar/gkv487

Waser, N. M. (2006). “Specializatin and generalization in plant-pollinator

interactions: a historical perspective,” in Plant-Pollinator Interactions from

Frontiers in Plant Science | www.frontiersin.org 19 January 2016 | Volume 6 | Article 1144

http://mesquiteproject.org
http://mesquiteproject.org
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Landis et al. Flower Size Phenotypes and Genetics

Specialization to Generalization, eds N. Waser and J. Ollerton (Chicago, IL:

University of Chicago Press), 3–17.

Waser, N. M., Chittka, L., Price, M. V, Williams, N. M., and Ollerton, J.

(1996). Generalization in pollination systems, and why it matters. Ecology 77,

1043–1060. doi: 10.2307/2265575

Weese, T. L., and Johnson, L. A. (2005). Utility of NADP-dependent

isocitrate dehydrogenase for species-level evolutionary inference in angiosperm

phylogeny: a case study in Saltugilia. Mol. Phylogenet. Evol. 36, 24–41. doi:

10.1016/j.ympev.2005.03.004

Weiss, J., Delgado-Benarroch, L., and Egea-Cortines, M. (2005). Genetic

control of floral size and proportions. Int. J. Dev. Biol. 49, 513–525. doi:

10.1387/ijdb.051998jw

Whitney, H. M., and Glover, B. J. (2007). Morphology and development of floral

features recognised by pollinators. Arthropod Plant. Interact. 1, 147–158. doi:

10.1007/s11829-007-9014-3

Whittall, J. B., and Hodges, S. A. (2007). Pollinator shifts drive increasingly

long nectar spurs in columbine flowers. Nature 447, 706–709. doi:

10.1038/nature05857

Xu, R., and Li, Y. (2011). Control of final organ size by mediator complex

subunit 25 in Arabidopsis thaliana. Development 138, 4545–4554. doi:

10.1242/dev.071423

Yant, L., Collani, S., Puzey, J., Levy, C., and Kramer, E. M. (2015). Molecular basis

for three-dimensional elaboration of the Aquilegia petal spur. Proc. R. Soc. B

Biol. Sci. 282:20142778. doi: 10.1098/rspb.2014.2778

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Landis, O’Toole, Ventura, Gitzendanner, Oppenheimer, Soltis and

Soltis. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) or licensor are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 20 January 2016 | Volume 6 | Article 1144

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	The Phenotypic and Genetic Underpinnings of Flower Size in Polemoniaceae
	Introduction
	Materials and Methods
	Plant Material
	Phylogenetic Analyses
	Cell Morphology
	Transcriptome Analysis

	Results
	Phylogenetic Analysis
	Morphology
	Transcriptome Analysis
	Phylogenetic Integration

	Discussion
	Phylogenetic Relationships in Saltugilia
	Cell Morphology and Cell Size
	Genetics of Flower Size

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


