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Abstract

Floral organs are produced by floral meristems (FMs), which harbor stem cells in their centers. Since each flower only
has a finite number of organs, the stem cell activity of an FM will always terminate at a specific time point, a process
termed floral meristem termination (FMT). Variation in the timing of FMT can give rise to floral morphological diversity,
but how this process is fine-tuned at a developmental and evolutionary level is poorly understood. Flowers from the
genus Aquilegia share identical floral organ arrangement except for stamen whorl number (SWN), making Aquilegia
a well-suited system for investigation of this process: differences in SWN between species represent differences in
the timing of FMT. By crossing A. canadensis and A. brevistyla, quantitative trait locus (QTL) mapping has revealed a
complex genetic architecture with seven QTL. We explored potential candidate genes under each QTL and character-
ized novel expression patterns of select loci of interest using in situ hybridization. To our knowledge, this is the first
attempt to dissect the genetic basis of how natural variation in the timing of FMT is regulated, and our results provide
insight into how floral morphological diversity can be generated at the meristematic level.

Keywords: Aquilegia, floral meristem termination, QTL, stamen whorl.

Introduction

Indeterminate growth is the foundation of development in all
vascular plants and is achieved by the persistent activity of stem
cells in meristems (Steeves and Sussex, 1989). Apical meristems
in shoots and roots are highly organized structures that main-
tain a delicate, yet robust, balance between the production of
stem cells and organogenic cells. In the flowering plants, when
a plant enters the reproductive phase, the vegetative meristem
transitions to inflorescence meristem (IM) identity, which

then gives rise to floral meristem (FM) identity. Although
their overall cellular organization is highly similar, this shift is
accompanied by a number of transitions in the properties of
the meristem, including changes in the rate and patterns of
primordium production, and an eventual loss of indeterminacy.

The loss of indeterminacy in the FM is a well-regulated pro-
cess, termed floral meristem termination (FMT), which is cru-
cial and universal to the development of all lowers (Fig. 1). A
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Fig. 1. FMT is an important and fine-tuned developmental process that occurs in all flowers. Upper panel: diagram of floral organ initiation and FMT

during flower development. Organs of the same whorl share the same colors. Lower panel: example of four flowers with different whorl numbers. From
left to right: Crocus vernus ‘Pickwick’, Pyrus communis, Helleborus orientalis, and Portulaca umbraticola. Numbers in parentheses indicate the number
of whorls (or ranks for H. orientalis) of floral organs in each flower. Photos of C. vernus, P communis, and P umbraticola were taken by Ya Min, and the

photo of H. orientalis was taken by Evangeline S. Ballerini.

typical flower has four types of floral organs: sepals, petals, sta-
mens, and carpels, which are arranged from the outermost to
the innermost positions of a flower (Fig. 1). Although the cen-
tral stem cells stay active during the early phases of floral organ
primordia initiation, this activity will cease at a specific time
point, after which all remaining meristematic cells will be in-
corporated into the development of the innermost organs, the
carpels (Steeves and Sussex, 1989).The precise control of FMT
is critical to ensuring that the flower has the correct number
of organs, and variation in FMT timing is an important source
of floral morphological diversity and novelty. For some species,
such as Arabidopsis thaliana, FMT occurs relatively quickly, and
only four whorls of floral organs are produced. In many other
taxa, FM activity is maintained for a more extended period,;
species from the Magnoliaceae, Monimiaceae, Nelumbona-
ceae, Nymphaeaceae, Papaveraceae, and Ranunculaceae, for in-
stance, can have hundreds of spirally arranged or whorled floral
organs (Endress, 1990; Fig. 1). Moreover, increased numbers of
floral organs can create raw materials for the evolution of new
organ types, such as the sterile staminodes observed in Aqui-
legia (Ranunculaceae) or Mentzelia (Loasaceae) (Walker-Larsen
and Harder, 2000). The diversity in floral morphology of >300
000 angiosperm species is seemingly infinite, but one of the

few major evolutionary trends that is independently observed
in the transition from early-diverging angiosperms to either
the core eudicot or monocot lineages is the transition from
variable to stable whorl numbers in a flower (Endress, 1990),
which is directly determined by the timing of FMT. Therefore,
understanding how FMT is regulated in different angiosperm
lineages is interesting from both developmental and evolu-
tionary perspectives.

Currently, we have relatively good knowledge of the genes
that are responsible for maintaining and terminating stem
cell activities in A. thaliana. In the FM, the maintenance of
the stem cell population is achieved by a feedback loop be-
tween the homeodomain protein WUSCHEL (WUS) and
the CLAVATA (CLV) ligand—receptor system, in which WUS
promotes central stem cell activity and induces the expression
of the CLV3 peptide, while activation of the CLV signaling
pathway represses the expression of WUS (Schoof et al., 2000;
Lenhard, 2003; Miiller et al., 2006). Meanwhile, in the early
developing FM, the expression of the C class organ identity
gene AGAMOUS (AG) is induced by WUS, while AG speci-
fies the identity of stamens and carpels and is also responsible
for the down-regulation of WUS expression (Lenhard ef al.,
2001). Although the broad conservation of the WUS-CLV
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Fig. 2. Phenotyping SWN in the parental and F2 populations. (A) Photos of flowers and floral diagrams of A. brevistyla and A. canadensis. (B) Examples
of three F2 flower buds with different SWN. (C) Flowers that were sampled per inflorescence. (D) Developmental stages for which SWN was counted.

(E) Histogram and summary statistics of SWN distribution in parental species and the F2s. In (A) and (B), stamen whorls positioned above the sepals are
colored in blue while stamen whorls positioned above the petals are colored in green. Scale bar in (B)=100 um. se, sepals; pe, petals: st, stamens; sd,

staminodes; car, carpels.

and WUS-AG feedback loops has been demonstrated in di-
verse plant taxa (Nardmann and Werr, 2006; Litt and Kramer,
2010; Whitewoods et al., 2020), the exact mechanisms by
which AG controls the precise timing of WUS down-regu-
lation have only been investigated in A. thaliana and tomato
(Solanum lycopersicum). Specifically, AG activates the expression
of a C2H2 zinc-finger transcription factor gene, KNUCKLES
(KNU), whose protein product directly represses WUS (Payne,
2004; Sun et al., 2009; Bollier et al., 2018). Accurate timing of
FMT is achieved because the activation of KNU by AG takes
approximately two rounds of cell divisions, during which the
stamen primordia are initiated. Once WUS down-regulation
is achieved, all of the cells remaining in the center of the FM
are incorporated into the carpel primordia (Sun et al., 2009).
Thus, FMT is tightly connected to the expression of AG and,
moreover, the production of carpels in the center of the flower.
It 1s perhaps not surprising that when we examine variation
in FMT across the angiosperms, this is primarily expressed as
variation in the number of stamen whotls produced before the
final production of carpels and the concomitant termination of
the meristem (Endress, 2011; Ronse De Craene, 2018).
However, integral to the known mechanism of KNU ac-
tivation 1is that it only allows for one stamen and one carpel
whorl to be produced in a flower. This begs the question of
whether this pathway is conserved in systems that have more
than four whorls of floral organs. Unfortunately, all currently

established model systems (and their close relatives) belong to
lineages that exhibit no variation in their floral whorl num-
bers, while most of the plant taxa exhibiting such variation
do not have genomic or genetic resources or functional tools.
To that end, species in the genus Aquilegia, a member of the
buttercup family (Ranunculaceae), are well suited for investi-
gating this fundamental developmental process. There are ~70
Agquilegia species, which share low interspecific sequence diver-
gence and a high degree of interfertility due to having arisen
via a recent adaptive radiation (Filiault ef al., 2018). Organs in
Agquilegia flowers are produced in a whorl of five that are ar-
ranged in 10 orthostichies (vertical rows of organs), with alter-
nate orthostichies positioned directly above either the sepals or
the petals (Fig. 2A). Across species there is a consistent number
of whorls for the sepals, petals, staminodes (with the exception
of A. jonesii, which lacks staminodes; Munz, 1946), and carpels,
but the number of stamen whorls varies both within and be-
tween species.

Aquilegia brevistyla and A. canadensis are North American
sister species that vary in many pollination-related traits (Fig.
2A; Bastida et al., 2010; Fior et al., 2013; Edwards ef al., 2021),
but also in what we term stamen whorl number (SWIN). We
argue here that this trait can be directly translated into varia-
tion in the timing of FMT: if the FM transitioned to carpel
production and terminated earlier, there will be a smaller
SWN compared with a flower in which the FM proliferates
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for a longer period. Using SWN as a quantitative trait, we con-
ducted quantitative trait locus (QTL) mapping in the resultant
F2 generation from crossing A. brevistyla and A. canadensis. Our
results reveal a complex genetic architecture with seven QTL,
which we have associated with potential candidate genes under
each QTL. To our knowledge, this is the first study to dis-
sect the genetic basis of how natural variation in the timing of
FMT is regulated, and our results highlight molecular pathways
that may contribute to the regulation of FMT in Aquilegia.

Materials and methods

Plant material and growth conditions

Aquilegia brevistyla and A. canadensis seeds were collected from wild popu-
lations in Alberta (Canada) and Ithaca (NY, USA), respectively. One A.
canadensis (pollen recipient) was crossed with one A. brevistyla (pollen
donor) to generate the F1 generation. Five Fls were self-fertilized to gen-
erate the F2 population. All F2 seeds were stratified at 4 °C in the dark
for 2—4 weeks, germinated in wet soil, and transplanted in individual pots.
All plants were vernalized at 4 °C for 2 months to induce flowering. The
parental and F1 individuals were grown in the greenhouse of the Uni-
versity of California Santa Barbara, and the F2 populations were grown
in the greenhouses of Harvard University. All greenhouses used the same
light and temperature conditions to achieve a 16 h/8 h (day/night) pho-
toperiod at 18 °C and 13 °C.

Seeds of AquilegiaXcoerulea ‘Kiragami’ were purchased from Swallow-
tail Garden Seeds (Santa Rosa, CA, USA), germinated in wet soil, and
grown under the same 18 °C/13 °C (day/night) condition as described
above. Once the plants developed approximately six true leaves, they were
transferred into vernalization conditions (16 h daylight at 6 °C and 8 h
dark at 6 °C) for 3—4 weeks, and then moved back to the regular growth
conditions to promote flowering.

Meristem width measurement

The entire inflorescences of at least six individuals of each parental species
were collected and fixed in FAA (10% formaldehyde, 50% ethanol, 5%
acetic acid), and stored at 4 °C. Samples were then dehydrated through a
graded ethanol series to 100%, transterred to 100% CitriSolv, and embed-
ded in Paraplast Plus (Sigma-Aldrich). Embedded tissues were sectioned
to 8 pum thick ribbons with a rotary microtome, stained in 0.1% Tolui-
dine Blue O solution following the protocol described in Ruzin (1999),
and mounted in Permount Mounting Medium (Fisher Scientific). Sec-
tions were then imaged using the Axio Zoom Microscope at the Harvard
Center for Biological Imaging. The width of each floral meristem section
was measured using Image]. Three to six serial sections were measured for
each FM, and at least three FMs were measured for each developmental
stage of each species. All FMs that were measured were non-terminal
flowers, and the number of non-sepal primordia captured by the section
was counted.

Phenotyping

For each plant, the SWN of the terminal flower and lateral flowers 1 to
4 from the first three inflorescences were counted (Fig. 2C). If flowers of
these positions in an inflorescence were damaged/undeveloped, flowers
at other positions were counted to achieve a total number of five flowers
per inflorescence. If an inflorescence produced less than five flowers, all
flowers were counted. SWN was counted when the flowers reached
~1-2 cm in length (Fig. 2D) because, at that developmental stage, all the
stamens were arranged in vertical rows, which simplified counting.

Genotyping

Detailed genotyping information can be found in Edwards ef al. (2021).
Briefly, the DNA of the two parents that generated the cross was
extracted from flash-frozen young leaves using the NEBNext Ultra II kit
(NEB) and sequenced to ~40X coverage as 150 bp reads on an Illumina
MiSeq at the Biological Nanostructures Lab in the California Nano-
System Institute at UC Santa Barbara. DNA of F2s was extracted from
silica-dried young leaves using Qiagen DNEasy reagents and Magattract
beads (Qiagen, Inc.); libraries were prepared following the protocol of
the RipTide High Throughput Rapid DNA Library Preparation kit
(iGenomX, CA, USA). The F2 libraries were pooled and sequenced at
the Vincent J. Coates Genomics Sequencing Laboratory (UC Berkeley)
using the NovaSeq 6000 platform to generate 150 bp paired-end reads.
Samples were multiplexed to generate ~1-2X coverage. All sequence
data are deposited in the Sequence Read Archive under BioProject ID
PRJNA720109. Scripts and genotype/phenotype data are available at:
https://github.com/anjiballerini/can.x.brev/.

Sequences were aligned to the A. coerulea ‘Goldsmith’ v3.1 reference
genome (https://phytozome jgi.doe.gov) using the Burrows—Wheeler
aligner (Li and Durbin, 2009), and variable sites in the parents were iden-
tified using SAMtools 0.1.19 (H. Li et al., 2009) with custom scripts used
to identity the positions and genotypes at which the parents were homo-
zygous for different alleles. These sites were used to assign reads in the F2s
as having either A. canadensis or A. brevistyla ancestry. To determine the
genotypes of the F2s, the genome sequences were binned into 0.5 Mb
regions with moderate to high recombination frequencies and 1 Mb in
regions with low or no recombination, and the frequency of reads with
ancestry for each F, parent was used to determine the genotype of the
bin. These bins and genotypes were used as markers to construct a ge-
netic map and conduct QTL mapping. This genotyping method has been
implemented in Filiault et al, (2018), Ballerini et al. (2020), and Edwards
et al. (2021).

Mapping

After filtering out individuals and markers with >10% of information
missing due to sequencing quality, we retained a total of 366 indi-
viduals and 620 markers. A genetic map of the seven chromosomes
was then constructed following the protocol of the R/qtl package
v1.46-2 (Broman ef al., 2003), with an error probability rate of 0.001
and ‘kosambi’ map function. Standard interval mapping with Haley—
Knott regression (function ‘scanone’) was used for the initial mapping
searching for potential QTL. The best multiple-QTL models are pro-
duced and selected by using function ‘stepwiseqtl’, which implements
penalties on different interactions and drops one of the current main
effects or interactions in each round of model comparison. Interac-
tions among potential QTL and between QTL and covariance were
detected with a two-dimensional genome scan (function ‘scantwo’).
Using the estimated positions of QTL from ‘scanone’, ‘stepwiseqtl’,
and ‘scantwo’ as the input, the positions of QTL were refined by using
the function ‘makeqtl’ and ‘refineqtl’, which then fit with a defined
multiple-QTL model (function ‘fitqtl’) with all detected interactions.
F1-parent-of-origin was used as covariance in all the tested mapping
models. Position and effect size of QTL were estimated using drop-
one-term ANOVA in the best-fitting model. The chromosome dia-
gram with potential candidate genes (Fig. 4) was produced by using the
LinkageMapView (Ouellette et al., 2018).

In situ hybridization of genes of interest

Variable regions of the genes of interest were amplified by PCR
(primers in Supplementary Table S1) from young inflorescence
cDNA of AquilegiaXcoerulea ‘Kiragami’. The PCR products were
cloned into the pCR™4-TOPO vectors, sequenced to confirm
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identity, and reverse transcribed using T3 or T7 RNA polymerase
and DIG RNA labeling mix (Sigma-Aldrich). Probe qualification
and in situ hybridization steps followed Kramer, (2005). Slides were
stained in calcofluor white for 5 min before imaging, and pictures
were taken using the ZEISS Axio Zoom at the Harvard Center for
Biological Imaging.

Statistical analysis

All statistical analyses (e.g. ANOVA andTukey’s HSD) were performed
using R (version 1.1.456).

Gene trees

Homologs of AQROXYa and AqATH 1 from various taxa were obtained
by using BLAST on Phytozome (https://phytozome-next.jgi.doe.
gov/). Multiple sequence alignments and Neighbor—Joining phylo-
genetic trees were constructed using Geneious Prime (v2021.1.1).
We did not construct phylogenetic trees for other potential candidate
genes because their homologs in A. coerulea and A. thaliana were each
other’s reciprocal top BLAST hits.

Results
SWN variation in the parental species and the F2s

We counted the SWN from 357, 197, and 4265 flowers
from 27,16, and 364 A. brevistyla, A. canadensis, and F2 indi-
viduals, respectively (Fig. 2). The SWN per individual of
the parental species did not overlap: the mean SWN of A.
brevistyla ranges from 6.69 to 7.57; that of A. canadensis, from
8.54 to 10; and that of the F2s, which overlapped with the
range of both parental species, from 6.20 to 9.50 (Fig. 2E).
The mean SWN for all A. brevistyla, A. canadensis, and F2s
was 7.16, 9.16, and 8.06, respectively. Subsequently, we ana-
lyzed whether the position of flowers on the inflorescence
is associated with their SWN. Flower position had a signif-
icant effect on the SWN for both parental species but not
for the F2s (Supplementary Fig. S1). Given lower germina-
tion rates of interspecific hybrid seeds, seeds generated by
selfing five different F1 plants (all of which had the same
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Fig. 3. FM width measurements of the parental species during the early developmental stages. (A) Examples of FM morphologies in A. brevistyla

and A. canadensis at early developmental stages. Numbers in parentheses indicate the number of newly initiated stamen whorls in each FM. Scale
bars=100 pm. (B) Comparison of FM width of different developmental stages between A. brevistyla and A. canadensis. Each data point represents a
measurement of an FM width from a section. Three to six continuous sections were measured for each FM, and at least three FMs were measured for
each developmental stage of each species. Comparison of FM widths of each stage between the parental species was done using Tukey’s HSD. ns, not
significant; **P-value <0.001; ***P-value <0.0001; se, sepal; B, A. brevistyla; C, A. canadensis.
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parents) were used to obtain 364 F2 progeny that reached
the flowering stage (n=53-81 per F1). One-way ANOVA
revealed that the SWN of the F2s differed significantly be-
tween the F1 parents (Supplementary Fig. S2). Lastly, we
also analyzed the variation of SWN among flowers of the
same plants. Interestingly, a small portion of A. brevistyla
(7.4%), A. canadensis (18.8%), and F2s (6%) showed no var-
iance in the SWN across all flowers counted within an in-
dividual, and this phenomenon was dependent on neither
the number of flowers counted per individual plant (Sup-
plementary Fig. S3; Pearson’s correlation=0.052, t=0.98418,
df=345, P=0.3257) nor the Fl-parent-of-origin of the F2s
(Supplementary Fig. S3). No significant correlation be-
tween the mean SWN per individual and the SD of SWN
per individual was detected (Pearson’s correlation=0.035,

t=0.70438, df=404, P=0.48106).

Floral meristem size

To determine whether the initial FM sizes were different be-
tween the parental species, we measured the widths of FMs
of the parental species at their earliest developmental stages
(Fig. 3A). In general, the FMs of A. canadensis appeared to

be slightly, but significantly, wider than those of A. brevistyla
throughout the early developmental stages (Fig. 3B; Supple-
mentary Table S2). The average FM widths of A. brevistyla
and A. canadensis before the initiation of carpel primordia
were 174.68 pm and 191.67 um, respectively (Supplemen-
tary Table S2). Interestingly, the temporal developmental
windows for significant FM size expansion seemed to be
longer in A. canadensis than in A. brevistyla (Fig. 3B; Sup-
plementary Table S2). The significant increase in widths of
A. brevistyla FMs occurred when there were 0—4 whorls of
non-sepal floral organs initiating, while the significant in-
crease in the widths of A. canadensis FMs encompassed a
larger developmental period, ranging from the stages that
there were 0—6 whorls of non-sepal floral organs initiating
(Supplementary Table S2).

Genetic architecture underlying stamen whorl variation

The genetic map was constructed using a total of 620 ge-
netic markers, which fell into seven linkage groups, matching
the n=7 chromosomes in the Aquilegia genome (Supplemen-
tary Fig. S4). We recovered seven major QTL using the mean
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SWN per individual as a phenotype and the Fl-parent-of-
origin as a covariate, with one QTL on each chromosome
(Fig. 4A; Table 1). The difference in LOD scores between
models that included or excluded the covariate are dimin-
utive on all chromosomes (ranging from —0.3 to 0.49; Sup-
plementary Fig. S5A), indicating no significant interaction
between the QTL and the covariate. While several LOD pro-
files from a single QTL model suggested that there may be
two QTL on a chromosome, a two-dimensional genome scan
failed to detect evidence for the presence of more than one
QTL on asingle chromosome (Supplementary Table S3).The
presence of only one true QTL on chromosome 2 was fur-
ther confirmed by controlling the two potential QTL: when
the true QTL (i.e. Q2) was controlled, the presence of the
second peak also disappeared (Supplementary Fig. S5B). We
did detect significant interactions between two pairs of QTL:
Q3 and Q7,and Q1 and Q6 (Supplementary Fig. S5C), and
thus incorporated these interactions in the full QTL model
(Table 1).

The full QTL model had a total LOD score of 48 and
explained 46.5% of the observed phenotypic variation (Table
1). Q3, Q4, and Q5 exhibit larger additive effects than domi-
nant effects, while the remaining QTL have larger dominant
effects on the phenotypic variation (Fig. 4A; Table 1; Sup-
plementary Fig. S6). The phenotypic variation explained by
each QTL and the QTL interactions was very similar, with
Q4 and Q6 having the largest additive and dominant effects,
respectively, and each explained 8.8% of the phenotypic var-
iation (Table 1).This suggested that the genetic architecture

Table 1. Summary statistics for QTL

of SWN is a complex trait controlled by multiple loci, each
with small effect.

Potential candidate genes

In order to identify potential candidate genes underlying
these QTL, we examined the genomic regions defined by
markers that flanked the 95% Bayesian credible interval of
each QTL, which was calculated by using the posterior dis-
tribution of 10*°P on a given chromosome. The genomic
regions of Q1, Q4, Q6, and Q7 were <6 Mb in size, while
those of Q2, Q3, and Q5 were >20 Mb (Supplementary
Table S4). Among all the QTL, Q6 and Q2 had the smallest
(1.5 Mb) and the largest (36.5 Mb) intervals, containing 226
and 3242 genes, respectively (Supplementary Table S4). We
sought to identify loci for further study under each QTL
based on (i) the locations of the annotated genes relative to
the location of the markers with the highest LOD scores,
(i1) homology to previously studied loci related to meri-
stem function, and (iii) gene expression levels during early
FM developmental stages using previously published RINA-
sequencing (RNAseq) data for A. coerulea ‘Kiragami’, which
sampled developmental stages covering the FMT window
(Min and Kramer, 2020). Because our genotyping method
used 0.5 Mb or 1 Mb binned genomic regions as the genetic
markers rather than single nucleotide markers (see details in
the Materials and methods), we gave the highest priority to
genes located in the region of the marker with the highest
LOD scores.

Full model resulit:

y~Q1+Q2+Q3+Q4+Q5+Q6+Q7+Q1:Q6+Q3:Q7

df Type Il SS MS LOD PVE P-value (F)

Model 22 61.87 2.81 48.04 44.47 0

Error 331 71.27 0.22

Total 353 133.14
Drop one QTL at a time ANOVA table

Chr Position (cM) df Type Il SS LOD PVE F-value P-value (F) Add. Dom.

Ql 1 44.233 6 5.87 6.1 4.4 4.6 <0.001 0.05 -0.16
Q2 2 19.676 2 4.89 5.1 3.7 11.4 <0.001 -0.07 0.2
Qs 3  24.050 6 7.43 7.6 5.6 5.7 <0.001 -0.11 -0.01
Q4 4 25.406 2 11.73 1.7 8.8 27.3 <0.001 -0.27 0.07
Q5 5 30.155 2 6.89 71 5.2 16.0 <0.001 -0.25 0.17
Q6 6  34.828 6 11.72 1.7 8.8 9.1 <0.001 -0.14 -0.27
Q7 7 20.944 6 7.38 7.6 5.6 5.7 <0.001 0 0.15
Q1xQ6 4 5.45 5.7 4.1 6.3 <0.001
Q3xQ7 4 5.39 5.6 4.1 6.3 <0.001
Estimated effects for QTL interactions
Q1 (a)xQ6 (a): 0.01 Q1 (d)xQ6 (a): -0.23 Q1 (a)xQ6 (d): —0.38 Q1 (d)xQ6 (d): 0.45

Q3 (@)xQ7 (a): 0.19 Q3 (d)xQ7 (a): 0.09

Q3 (2)xQ7 (d): -0.16

Q3 (d)xQ7 (d): -0.24

Chr, chromosome; PVE, percentage variance explained; Add./(a), additive affects; Dom./(d). dominant effects.
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Under Q1, we identified a homolog of LATERAL SUP-
PRESSOR (LAS), AqLAS, which is interesting because muta-
tions in the LAS orthologs in A. thaliana and tomato severely
impact axillary meristem activity, suggesting that the genes may
influence indeterminacy (Schumacher et al., 1999; Greb, 2003;
Wang et al.,2014). One additional gene that was located 3 Mb
away from AqLAS also caught our attention: AgPETAL LOSS
(AqPTL). PTL is a floral organ boundary gene in A. thaliana
that controls cell proliferation (Grifhith et al., 1999; Brewer et al.,
2004; Lampugnani et al., 2012). We considered A¢PTL inter-
esting for two reasons. First, PTL has been shown to physically
interact with and be transcriptionally regulated by the C2H2
transcription factor gene JAGGED (JAG) (Sauret-Giieto et al.,
2013), whose Agquilegia homolog AgJAG has been shown to
be critical to maintaining the FM (Min and Kramer, 2017).
Second, PTL and the gene product of HANABA TANARU
(HAN) interact by sharing JAG as a direct protein partner to
regulate floral morphogenesis in A. thaliana (Ding et al., 2015),
and the homolog of HAN is a potential candidate gene under
Q6 (Fig. 4B).

Interestingly, AgWUS is within the 95% Bayesian credible
intervals of Q2, located at the edge of the interval (Fig. 4B).
Since the expression of AgWWUS has not been examined in
situ, we analyzed its expression pattern during the early de-
velopmental stages of A. coerulea FM (Fig. 5A-E). AgWUS is
expressed in a small population of cells in the center of the FM
from the earliest stages (Fig. 5A—E). The expression in these
central zone cells persists during the initiation of floral organs
and disappears when carpel primordia start to initiate. These
observations are consistent with the expression of WUS ortho-
logs in all taxa examined to date (Nardmann and Werr, 2006;
Galli and Gallavotti, 2016), suggesting functional conservation
of AgWUS as well. However, the marginal position of AgIWWUS
in Q2 makes it a less compelling candidate.

Within the highest LOD interval of Q2, which is located
8.7 Mb away from AqWUS, we identified another locus of
interest, AqQLITTLE ZIPPER 3a (AqZPR3a; Fig. 4B). AqZ-
PR3a encodes a small leucine zipper-containing protein and
is the homolog of the previously identified gene ZPR3 in A.
thaliana (Weits et al., 2019). Homologs of the ZPR genes have
been shown to regulate leaf polarity and shoot apical mer-
istem maintenance in A. thaliana and tomato (Wenkel et al.,
2007; Kim et al., 2008; Xu et al., 2019), but little is known
about whether they are involved in any FM-specific functions
in these plant systems. In the Aquilegia FM, AqZPR3a exhibits
dynamic expression patterns (Fig. 5F—L). At the earliest stages
of the FM, concentrated expression of AgZPR3a is detected
across the central epidermal layer, and moderate expression is
found in the central zone (Fig. 5F). This strong expression in
the epidermal layer persists until the FM has initiated several
whortls of floral organs, but the width of the domain seems
to contract as FM development proceeds (Fig. 5F-I). In con-
trast, the expression in the central zone disappears rapidly after
initiation of the sepal primordia (Fig. 5E G, H’, J”). Strong

expression of AqZPR3a is also detected at the adaxial boundary
of all initiating floral organ primordia (Fig. 5SH-]”). However,
these adaxial expression domains are restricted to the medial
region of each primordium, rather than the entire abaxial sur-
face, which can be seen in serial sections through the same FM
(Fig. 5H, H', ], J’, J”). Strong but patchy expression of AqZ-
PR3a is also detected in the adaxial epidermal layer of older
lateral organs, such as the sepals (Fig. 51, ], ]"), petals (Fig. 5K),
stamens (Fig. 5K), and carpels (Fig. 5K). Intriguingly, expres-
sion of the ZRP genes across the epidermal layers has never
been observed in any other plant systems.

Under Q3, we identified AgROXYa which codes for a thio-
redoxin superfamily protein and is a homolog of A. thaliana
genes ROXY1 and ROXY?2 (Fig. 4B; Supplementary Fig. S7).
In A. thaliana, ROXY1 appears to be a negative regulator of
AG, and the homolog of ROXY in maize appears to regulate
shoot meristem size and phyllotaxy (Xing et al., 2005; Yang
et al., 2015). In Aquilegia, expression of AqROXYa is detected
across the FM at the earliest developmental stages (Fig. 5M),
but this broad expression disappears once the primordia begin
initiating. AgROXYa is detected in a restricted abaxial region of
each emerging floral organ primordium but quickly declines
once they begin to differentiate (Fig. 5SM—O"). For instance, in
an FM with several whotls of initiated stamen primordia, the
expression of AgROXYa is only detected in the abaxial side of
the innermost two whorls of emerging organ primordia (Fig.
50, 0.

The confidence interval of Q4 spanned 3.8 Mb but only
contained 176 annotated genes that were expressed in the
RNAseq dataset (Supplementary Table S5). Tandem duplicates
of the C-class gene homolog AgAG1 are located at the edge
of the genomic interval, quite distant from the marker with
the highest LOD score (Fig. 4B). Within the 1 Mb region (4
800 0005 800 000) that contained the genetic marker with
the highest LOD, there were only 40 expressed genes, eight of
which are Aquilegia specific without any annotated A. thali-
ana homologs, with most of the remaining genes annotated
to be involved in plant defense and basic metabolic functions
(Supplementary Table S6). Since a previous study showed
that miRNA2275 (miR2275) precursors and 24-PHAS loci
are significantly enriched in chromosome 4 compared with
other chromosomes in Agquilegia (Pokhrel et al., 2021b), we
also searched for potential miRNA-encoding loci under Q4.
MiR2275 is the primary miRNA that triggers phased, sec-
ondary, small interfering RNAs (phasiRINAs) of 24 nucleotides
in length, and the production of 24-nt phasiRNAs requires
both miR 2275 copies and 24-PHAS loci as their targets (Liu
et al., 2020). We found that the region with the highest LOD
under Q4 overlaps with the genomic region with the highest
density of miR2275 precursors and 24-PHAS loci, including
three of the 11 annotated clusters of miR2275 precursors and
91 24-PHAS locti in total, comprising 31.7% of all 24-PHAS
loci on chromosome 4 (~45.8 Mb) and 14.1% of such loci in
the entire genome (~300 Mb) (Pokhrel ef al., 2021b).
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Fig 5. In situ hybridization of AQWUS and candidate genes. (A-E) Expression patterns of AQWUS (A-C) and its sense probe (E). (A) An FM that has not
produced any organs. (B) An FM that is in the process of initiating either a petal primordium or the outermost stamen primordium (and thus indicated

by an arrow with a question mark). (C) An FM that has at least eight whorls of stamens initiated; AQWUS expression was also detected in an axillary
meristem (arrowhead). (D) An FM that has at least 11 whorls of stamens produced. (E) Sense probe of AQWUS. (F-L) Expression patterns of AgZPR3a
(F-K) and its negative control probe (L). (F) An FM that has not produced any organs subtended by a bract (br). (G) An FM that has just started to
produce sepal primordia (asterisk). (H, H") Serial sections through the same FM that has only produced sepal primordia (asterisks). (I) An FM that has
produced 1-2 whorls of stamens. (J, J’, J”) Serial sections through the same floral bud that has initiated all floral organs. (K) A young floral bud in which
all floral organs are differentiating. (L) Sense probe of AgZPR3a. (M-P) Expression of AGQROXYa (M-0O") and its negative control (P). (M) An FM that has not
produced any organs. (N) An FM that is in the process of initiating petal or utermost stamen primordia. (O, O’) Serial sections through the same FM, with
brackets indicating newly emerging primordia. (P) Sense probe of AGQROXYa. (Q-U) Expression of AQATH1 (Q-T) and its negative control (U). (Q) An FM
that has not produced any organs. (R) A young FM that is in the process of initiating petal and stamen primordia. (S) An FM initiating stamen primordia
and an associated axillary meristem (arrowhead). (T) A floral bud with carpel primordia just initiated and an axillary meristem (arrowhead). (U) Sense probe

of AQATH1. All scale bars=100 pm.
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For Q5, there are two genes located within the highest
LOD interval that have homologs that are known to func-
tion as FM regulators: AgSEUSS (A¢SEU) and AqgARGO-
NAUTESa (AqAGOJ5a). In A. thaliana, SEU is known to
repress AG to regulate FM and organ patterning (Pfluger and
Zambryski, 2004; Grigorova et al., 2011; Wynn et al., 2014),
while in Aquilegia, AGqAGOJ5a has been identified as a core
hub gene associated with early FM development (Min and
Kramer, 2020).

Under QO6, we located the homolog of HANABA
TANARU (AqHAN). HAN codes for a GATA-type zinc
finger transcription factor and, in A. thaliana, HAN 1is
expressed at the organ boundaries, is known to regulate
WUS expression, and directly interacts with a number of
key genes in FM regulation and primordia initiation (Zhao
et al., 2004; Ding et al., 2015). As mentioned above, we have
detected significant interaction between Q1 and Q6 (Sup-
plementary Fig. S5). We found it intriguing that HAN and
PTL interact through JAG to control FM morphogenesis in
A. thaliana (Ding et al., 2015), since their Aquilegia homologs
are located within the confidence interval of Q1 and Q6,
respectively.

Lastly, AgHOMEOBOX GENE 1 (AqATH1) is the only
gene located within the highest LOD interval of Q7 that is
annotated with a meristem-related function (Supplementary
Fig. S8). In A. thaliana, ATH1 regulates the boundary be-
tween the stem and the lateral organs, but is also involved
in stem cell regulation in meristems by maintaining the
expression of the meristem marker gene SHOOT MERI-
STEMLESS via a self-activation loop (Gémez-Mena and
Sablowski, 2008; Li et al., 2012; Cao et al., 2020). AgATH1
is broadly expressed across the Aquilegia FM throughout the
early developmental stages (Fig. 5Q-T), in all early floral
organ primordia (Fig. 5R), and at the distal tip of the young
lateral organs such as the bracts (Fig. 5Q), sepals (Fig. 5R., S),
and petals (Fig. 5T).

Discussion

Aquilegia is an ideal system for studying FM regulation
and termination

Over recent decades, we have gained significant insight into
various aspects of plant meristem development and function,
but the regulation of FMT remains a poorly studied subject.
This is despite the fact that FMT is an indispensable pro-
cess in floral development, and variation in FMT timing is
a key component of the generation of floral morphological
diversity (Fig. 1). Progress in understanding the regulation
and evolution of FMT is hampered due to the lack of nat-
ural variation in floral organ whorl numbers in all of our
currently established model systems (and their close rela-
tives), while taxa with such a variation generally lack the ge-
nomic and molecular resources to investigate this question

further.To this end, Aquilegia can be an ideal system for study-
ing FMT because species of Agquilegia share relatively low
interspecific sequence variation combined with a high de-
gree of interfertility thanks to its recent adaptive radiation
(Hodges and Arnold, 1994; Filiault ef al., 2018). At the same
time, they all share a consistent floral bauplan that only varies
in SWN (Munz, 1946), and possess a fully sequenced and
well-annotated genome along with RNAi-based methods for
functional studies (Kramer, 2009; Filiault ef al.,2018). Recog-
nizing that floral SWN is the best available quantitative trait
to represent the timing of FMT, we utilized a genetic cross
between two sister species differing in SWN, and sought to
take the first step to explore the molecular basis of naturally
occurring variation in the FMT timing. The mean SWN of
A. brevistyla and A. canadensis is 7.16 and 9.16, respectively,
and they do not overlap, while the mean SWN of their F2
progeny was found to encompass the entire range of the pa-
rental species (Fig. 2E).

One question we sought to explore was whether there
is any difference in early FM growth dynamics between
the parental species by analyzing developmental histolog-
ical series of FMs (Fig. 3). Overall, we observe that the A.
canadensis FMs (i) are larger in general, (ii) have a longer
developmental window to increase FM width, and, yet, (iii)
still make five stamens per whorl. There are numerous pre-
vious studies showing that an increase in FM diameter is
often associated with an increase in floral organ number
per whorl, rather than an increase in the number of whorls
(e.g. Carles et al., 2004; Fan et al., 2014; Chu et al.,2019). Of
course, these studies typically rely on mutagenesis or gene
overexpression rather than natural variation. This suggests
that natural variation in meristem size relies on a greater
degree of coordination such that meristem size changes in
conjunction with the size of primordia inhibition fields,
allowing the number of organs per whorl to stay constant.
The current data do not allow us to distinguish between
whether the A. canadensis FM is growing for a longer period
(e.g. perhaps plastochrons are slower, allowing more mass to
be accumulated between subsequent whorls) or proliferat-
ing at a faster rate. Given what we know about the role
of cell division timing in influencing FMT, answering this
question is important to understanding the FMT mech-
anism in Aquilegia. Future studies using a recently developed
live imaging technique in Agquilegia (Min et al., 2022) may
allow us to compare growth rates between the initiation of
successive whorls in these two species and better charac-
terize this phenomenon.

Another curious observation regarding SWN is that we
observed a small portion of individuals in both parental spe-
cies as well as the F2s that exhibited no variation in SWN,
regardless of how many flowers were counted on the plants.
In contrast, most other individuals exhibited variation in
SWN within an individual plant (Supplementary Fig. S3).
This seems to suggest that there is variation in the robustness
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of this trait between different individuals. Unfortunately, the
fact that there was no significant divergence in this pattern
between the parent species meant that we could not map it
in the current study, but we hope that examination of within-
inflorescence SWN canalization in other Aquilegia species will
allow the identification of suitable models and the dissection
of its genetic basis.

Variation in the timing of Aquilegia FMT is controlled by
multiple loci of small effects

We recovered seven major QTL that are responsible for vari-
ation in SWN, with one QTL located on each chromosome,
and the percentage of phenotypic variance explained by each
QTL ranging from 3.7% to 8.8% (Fig. 4; Table 1). These
results are comparable with those of previous studies in mer-
istem-related traits of domesticated crops, particularly maize,
which also revealed multiple QTL of small effects (Vladutu
et al., 1999; Upadyayula et al., 2006; Bommert et al., 2013;
Thompson et al., 2014, 2015). Interestingly, although all the
meristem-related traits measured in maize were highly her-
itable, the total percentage of variance explained by all the
QTL was never higher than 50% (e.g. Bommert ef al., 2013;
Thompson et al., 2014, 2015), suggesting that there are other
loci with even smaller effects that were not picked up by
the QTL mapping, which is a likely scenario for our current
study as well.

We have identified potential candidate genes under the QTL
(Fig. 4; Supplementary Table S6), and, further, uncovered novel
FM expression patterns of AgZPR3a and AqROXYa, which were
the loci of interest associated with Q2 and Q3, respectively (Figs
4,5). In A. thaliana and tomato, expression of the ZPR genes is
restricted to the adaxial region of lateral organs and the cen-
tral zone of the shoot meristem, and the ZPR genes function in
both establishing organ polarity and restricting the stem cell do-
main in the meristems by acting as post-translational suppressors
of the class I[II HD-ZIP abaxial identity genes by inhibiting their
homodimerization (Wenkel et al., 2007; Kim et al., 2008; Weits et
al.,2019; Xu et al., 2019). However, we have also observed strong
expression of AgZPR3a in the central epidermal layer of FMs
throughout their early developmental stages (Fig. 5F-I), which
has not been observed in any previous studies. It will be very
interesting to determine whether this expression pattern indi-
cates a novel function or is related to known ZPR functions in
modulating meristem regulation. In the case of ROXY homologs
in other models, expression has been found to be restricted to
incipient and newly emerged organ primordia (Xing ef al., 2005;
S.Li et al.,2009;Yang et al.,2015), but abaxialized expression such
as what was found for AgROXYa has not been observed before.
In A. thaliana, ROXY1 is known to interact with PTL to regulate
floral primordium initiation while, in maize, a ROXY homolog
controls meristem size primordia (Xing et al., 2005; S. Li ef al.,
2009;Yang et al., 2015); either of these functions could be impor-
tant for controlling FMT in Agquilegia.

The Q4 locus is particularly intriguing because it explains
the highest relative percentage of phenotypic variation, but
it is also the QTL with the fewest obvious candidate genes
to investigate (Supplementary Tables S4, S5). Chromosome 4
of Aquilegia appears to have followed a distinct evolutionary
path from the rest of the genome and displays many unique
features compared with the remaining six chromosomes,
including having a higher proportion of genes arrayed in
tandem and segmental duplicates, more genetic polymor-
phism and transposable elements, lower gene density, and
reduced gene expression (Filiault ef al., 2018; Akoz and Nor-
dborg, 2019). Although the AgAG1 tandem duplication is
included in the 95% Bayesian credible interval, it may be less
likely to be the causative gene compared with other genes
that were located closer to the highest LOD score marker.
The lack of potential candidate genes under Q4 led us to
consider other factors besides protein-coding genes, leading
to the finding that the highest Q4 LOD interval overlaps
with the region that harbors the most concentrated den-
sity of miR2275 precursors and 24-PHAS loci in the en-
tire Aquilegia genome (Pokhrel ef al., 2021b). As the primary
miRNA that triggers 24-nt phasiRNA, a pathway that is
conserved across the angiosperms, miR 2275 has been shown
to be expressed in the reproductive tissues of various mon-
ocot and dicot lineages, particularly in developing anthers
(Zhai et al., 2015; Fei et al., 2016; Kakrana et al., 2018;
Pokhrel et al., 2021a, b). However, relatively little is known
about 24-nt phasiR NAs in general besides their functions in
anthers. Overall, chromosome 4 remains an enigmatic com-
ponent of the Aquilegia genome, so it is intriguing that the
QTL is located on this structure. Certainly, it is also possible
that the causal gene underlying Q4 is one of the Aquilegia-
specific loci that did not have a direct A. thaliana homolog,
which equally applies to the other QTL as well.

The current study is a key first step in identifying a prom-
ising list of candidate genes for regulating natural variation in
FMT. The next steps in evaluating these loci will include ex-
ploration of fine-mapping, assays of gene function, conduct-
ing comparative expression analyses between A. canadensis and
A. brevistyla, and examining sequence variation and patterns
of allelic differentiation between populations of these species.
Further areas of interest would also include exploring the po-
tential ecological consequences of variation in SWN and FMT
between these species and across the genus.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. SWN and the position of flowers on inflorescences.
Fig. S2. F1-parent-of-origin has a significant impact on the

distribution of SWN in the respective F2 progeny.

Fig. S3. Distribution of the SD of SWN among the parental
and F2 populations.
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Fig. S4. Diagram and summary statistics of the genetic map.

Fig. S5. Confirmation of QTL underlying SWN variation.

Fig. S6. Effect plots of the markers that have the highest
LOD score under each QTL.

Fig. S7. Gene phylogeny for AqROXYa.

Fig. S8. Gene phylogeny for AqATH1.

Table S1. Primers used for constructing in situ hybridization
probes.

Table S2. Pairwise comparison of FM widths through early
developmental stages.

Table S3. No significant evidence supporting the presence of
a second QTL on any chromosome.

Table S4. Summary of number of genes under each poten-
tial QTL.

Table S5. Expressed genes under Q4.

Table S6. Information on candidate genes.
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