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‘When I started my faculty position, I had a lot of ideas about
new research projects, like most naive assistant professors. In par-
ticular, I was interested in working on the evolution of petal
identity, and the eudicot family Ranunculaceae (the buttercups)
seemed especially promising. For over a century, botanists had
suggested that the often bizarre petals of this family had evolved
many times independently from outer whotls of stamens (Prantl,
1888). I wanted to know whether there were any molecular sig-
natures of these hypothesized parallel events. My original target
genus was actually Ranunculus itself. I had already done some
cloning and expression studies and knew that there were home-
otic mutants available in the horticultural trade. Unfortunately,

Aquilegia flower. Image courtesy of Ya Min, Kramer Lab, Harvard University.

I quickly discovered that the genus also has a relatively large
genome, wild variation in ploidy, a poorly resolved phylogeny,
and serious seed dormancy. Not your best candidate for a new
model system, even in the world of evo-devo. My next stop
was the Kew CValue Database. A quick search revealed that the
genus Agquilegia had the smallest genome in the family, a little
over 300 Mbp (Ingle et al., 1975), plus readily available home-
otic mutants, a manageable number of interfertile species (~70;
Munz, 1946), and a long history as a model for speciation pro-
cesses (Hodges and Arnold, 1994). In one of those strokes of luck
that sometimes put you on a whole different path, I had recently
been introduced to Scott A. Hodges from the University of
California, Santa Barbara, an international expert on Agquilegia
evolution, and he was just in the process of putting together a
collaborative initiative with Justin Borevitz (Australian National
University) and Magnus Nordborg (Gregor Mendel Institute,
Austrian Academy of Sciences) to develop genetic and genomic
resources for the genus. Fifteen years later, we now have a fully
sequenced reference genome along with more than a dozen
re-sequenced species genomes (Filiault ef al., 2018), tracta-
ble RNAi-based tools for studying gene function (Gould and
Kramer, 2007; Sharma and Kramer, 2013b), and a range of estab-
lished molecular protocols. It is also a heck of a lot prettier than
Arabidopsis (sorry, I have to be honest).

So what have we learned from Aquilegia in terms of my
original interest? There are many instances across the angio-
sperms where we believe that novel floral organ identities have
arisen, in some cases from pre-existing floral organs and, in
other instances, completely de novo (Endress, 1994). Often, these
hypotheses relate to relatively ancient evolutionary events or
focus on taxa that are not genetically tractable. The buttercup
family offers an interesting example in which sterile, nectifer-
ous petals are thought to have been derived from outer stamens
several times independently across the family (Worsdell, 1903;
Kosuge, 1994). Our comparative studies started by identifying
homologs of the floral organ identity genes, with a focus on
the B class genes APETALA3 (AP3) and PISTILLATA (PI)
that control petal and stamen identity (Bowman ef al., 1989).
This revealed that there are many paralogs of these MADS
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box genes expressed in most sampled genera (Kramer ef al.,
2003). In particular, there are three relatively ancient lineages
of AP3 paralogs, which we termed AP3-1, AP3-1I, and AP3-
II. The first two of these lineages have quite variable floral
gene expression, but the third appears to have experienced an
early subfunctionalization event that produced highly con-
served petal-specific expression (Rasmussen et al., 2009). This
narrow expression domain is found among AP3-III orthologs
across both the Ranunculaceae and Berberidaceae, with some
potential instances in other ranunculid families. Further, func-
tional studies in both Aguilegia and another Ranunculaceae
genus, Nigella, confirm that these genes are specifically required
for petal identity (Sharma et al., 2011; Goncalves et al., 2013;
Zhang et al.,2013). Finally, studies of closely related genera that
either have or lack petals have found that while the AP3-III
ortholog is expressed in the flowers bearing petals, it has been
silenced in those lacking petals, and often shows evidence of
pseudogenization (Zhang ef al.,2013). As a complement to this
molecular evidence, an unbiased reconstruction of the pres-
ence/absence of second whotl sterile organs in the modern
Ranunculaceae phylogeny suggests that petals were, in fact,
present in the last common ancestor of the family and have
been lost many times independently (Zhang et al., 2013). So
the upshot of this study is actually that Ranunculaceae petals
are not independently derived. They appear to be homologous
in a phylogenetic sense and also from the perspective of pro-
cess homology by sharing a common identity program that has
simply been turned off repeatedly. The alternative interpreta-
tion would require that in many separate instances, the same
specific AP3 paralog (out of three) underwent petal-specific
subfunctionalization in the context of the evolution of those
organs but then, for some mysterious reason, the expression of
this same paralog was lost in the apetalous ancestor. Apologies
to Prantl (1888), but this scenario is both unparsimonious and
inconsistent with the observed data.

Although this might have been a disappointment, since
what I really wanted to study was the evolution of novel organ
identity pathways, it turned out that Aquilegia still offered an
opportunity to do that. What you cannot see in this picture
is that Aquilegia has a fifth type of floral organ. In addition to
the petaloid sepals, the true petals in the second whorl, the
many whortls of stamens, and the inner whorl of unfused car-
pels, these flowers have a continuous whorl of sterile organs
called staminodes positioned between the stamens and the car-
pels (Kramer ef al., 2007). These staminodes are quite recently
derived, apparently arising in the last common ancestor of the
sister genera Aquilegia, Semiaquilegia, and Urophysa, which has
been dated to ~20 million years ago (mya; Bastida et al., 2010).
Given that the ABC model does not immediately provide an
obvious mechanism for determining the identity of a fifth flo-
ral organ, it was natural to ask how staminode identity was
controlled. The answer to this question turned out to be to go
back to our previously discovered paralogs of AP3. Although
these three gene lineages are much older than the evolution of
the Aquilegia staminodes, two of the paralogs, termed AgAP3-1
and AqAP3-2, have undergone a complex pattern of sub- and
neofunctionalization (Kramer ef al., 2007; Sharma and Kramer,
2013a). The two genes are initially expressed in all the stamen

and staminode primordia, but, at about the time of carpel ini-
tiation, their expression patterns shift such that AgAP3-2 per-
sists in stamens while AgAP3-1 becomes concentrated in the
novel staminodes. Functional tests confirm that AgAP3-2 is
required for the development of fertile stamens and AqAP3-
1 is specifically necessary for staminode identity (Sharma and
Kramer, 2013a). The next steps in this study will be to under-
stand how the distinct expression patterns of these paralogs is
achieved from a regulatory perspective and how their down-
stream developmental pathways diverge (and, hopefully, what
their actual ecological function is).

Lastly, I will return to the petals, not for their identity but
for their wonderfully convoluted final morphology. As I men-
tioned above, most petals in the Ranunculaceae bear nectaries
that provide pollinator rewards, hence their original designa-
tion as Honigblitter—honey leaves (Prantl, 1888).These nec-
tiferous petals have evolved diverse morphologies, sometimes
being reduced to nothing more than stalked nectaries and at
other times wildly elaborated with hairs, pockets, and forks
(Rasmussen et al., 2009). Nectar spurs have evolved twice
independently in the family, once in Delphinium and once
in Aquilegia (Hodges and Arnold, 1994; Jabbour and Renner,
2012). Aquilegia is of particular interest because it has expe-
rienced a recent radiation (<10 mya; Fior ef al., 2013) that
is associated with diversification of spur morphology, espe-
cially among the North American clade in which pollina-
tor switches have been common (Hodges and Arnold, 1995;
Whittall and Hodges, 2007). As an added benefit, Aquilegia
species are widely interfertile (Prazmo, 1960), allowing
genetic mapping of these morphological differences. Much
of our work now focuses on understanding the genetic basis
for the original evolution of the Aquilegia nectar spur as well
as the kinds of mutations that are associated with changes in
shape, particularly length and curvature. This effort started
with a careful study of spur development, which established
that the formation of the spur occurs in two distinct phases:
first, a period of localized cell divisions surrounding the nas-
cent nectary that produces the initial spur cup; and, secondly,
a longer phase of anisotropic cell elongation that generates
most of the spur length (Puzey et al., 2012). This initial study
also found that variation in the length of the cell elongation
phase appears to be responsible for many of the differences
in spur length that are seen between species. Subsequent
transcriptomic studies have ruled out a role for the KNOX
genes, which participate in generating lateral organ com-
plexity in many other instances (Koenig and Sinha, 2010),
and instead implicated localized control of cell division at
later developmental stages (Yant et al., 2015). An unexpected
outcome of the transcriptomic study was the discovery that
homologs of the auxin homeostasis and carpel development
gene STYLISH have been recruited to control nectary devel-
opment in Aquilegia, and possibly across the family (Min and
Kramer, 2019). Now our focus is on merging these traditional
developmental genetic approaches with comparative genom-
ics and quantitative genetics to fully flesh out our under-
standing of the spur developmental program and how genetic
variation has produced ecologically relevant morphological

diversity.
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