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In the model plant Arabidopsis thaliana, a core eudicot, the floral
homeotic C-class gene AGAMOUS (AG) has a dual role specifying
reproductive organ identity and floral meristem determinacy. We
conduct a functional analysis of the putative AG ortholog ThtAG1
from the ranunculid Thalictrum thalictroides, a representative of
the sister lineage to all other eudicots. Down-regulation of ThtAG1
by virus-induced gene silencing resulted in homeotic conversion of
stamens and carpels into sepaloid organs and loss of flower deter-
minacy. Moreover, flowers exhibiting strong silencing of ThtAG1
phenocopied the double-flower ornamental cultivar T. thalic-
troides ‘Double White.’ Molecular analysis of ‘Double White’
ThtAG1 alleles revealed the insertion of a retrotransposon causing
either nonsense-mediated decay of transcripts or alternative splic-
ing that results in mutant proteins with K-domain deletions. Bio-
chemical analysis demonstrated that the mutation abolishes
protein–protein interactions with the putative E-class protein
ThtSEP3. C- and E-class protein heterodimerization is predicted
by the floral quartet model, but evidence for the functional impor-
tance of this interaction is scarce outside the core eudicots. Our
findings therefore corroborate the importance and conservation
of the interactions between C- and E-class proteins. This study
provides a functional description of a full C-class mutant in a non-
core (“basal”) eudicot, an ornamental double flower, affecting
both organ identity and meristem determinacy. Using complemen-
tary forward and reverse genetic approaches, this study demon-
strates deep conservation of the dual C-class gene function and of
the interactions between C- and E-class proteins predicted by the
floral quartet model.
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Current understanding of floral patterning has emerged pri-
marily from studies in the core eudicot model plants Arabi-

dopsis thaliana and Antirrhinum majus. In these species, the
genetic ABCE model predicts how combinatorial expression of
four classes of transcription factors specifies organ identity in the
floral meristem (1–4). According to the latest Arabidopsis model,
which incorporates the role of the E-class proteins, once flow-
ering has initiated, A- and E-class proteins specify sepals; A-, B-,
and E-class proteins specify petals; B-, C-, and E-class proteins
specify stamens; and C- and E-class proteins specify carpels and
terminate floral meristem development (2, 5, 6). The underlying
biochemical mechanism for specifying organ identity has been
described by the floral quartet model, which predicts that correct
transcription of organ-specific genetic programs requires the
formation of hetero-multimeric complexes between these four
interacting classes of transcription factors (5, 7–9). Mutations
affecting the class-A, -B, -C, and -E functions are homeotic,
resulting in the replacement of one organ type by another. Loss
of expression of the Arabidopsis C-class gene AGAMOUS (AG)
results in conversion of stamens and carpels to petals and sepals

and indeterminacy of the floral meristem (10), leading to showy
“double flowers” with excess petals.
Because all but one of the genes in the ABCE model belong to

the same gene family, it has been hypothesized that the evolu-
tionary success of the angiosperm clade depends, to a great ex-
tent, on the proliferation and coevolution of this MIKC-type
MADS-box family of transcription factors (11, 12). However,
insufficient taxonomic breadth of functional studies involving
organ-identity genes currently hinders the generation of new
hypotheses on how genetic-level changes may be responsible for
angiosperm floral diversity.
There have been multiple duplication events within the C-class

lineage (13) followed by partial redundancy (14–16), potential or
proven subfunctionalization (17–24), or switching of functional
equivalence among duplicates in different species (25). Even
when a single gene is present, alternative transcripts are a source
of genetic variation (14). Nonetheless, and presumably related to
its crucial role in reproductive organ development, mounting
evidence points to high overall functional conservation of C-class
gene function across angiosperms (14, 26, 27), including basal
eudicots (14, 15) and monocots (16), and possibly more broadly
across seed plants (28–30).
In the Ranunculaceae, a duplication event preceding the di-

versification of the family gave rise to two C-class genes with
distinct expression patterns; this duplication is independent of
the core eudicot duplication that gave rise to Arabidopsis AG
and its Antirrhinum functional equivalent, PLENA (PLE) (13).
In Thalictrum, ThtAG1 is expressed in stamens and carpels
throughout development, whereas ThtAG2 has ovule-specific
expression (20). The fact that recruitment to ovule function has
occurred independently multiple times throughout the angio-
sperm phylogeny (26), combined with the divergent expression
data (20), led us to suspect that ThtAG1 is the C-class floral ho-
meotic gene. Here, we focus on the functional evolution of this
gene and its interaction with the putative E-class gene ThtSEP3.
Flowers with aberrant phenotypes, also known as “ter-

atomorphs,” have been described for at least the last 2,000 y,
double flowers being the first documented (ref. 31 and references
therein). Double-flowered cultivars have become popular garden
plants because of the attractiveness imparted by the extra petals
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(e.g., roses, peonies, carnations, and camellias). Moreover,
scientists have put similar natural deviations from normal de-
velopment to good use to help elucidate the genetic basis of
normal flower development (32, 33). Although morphological,
developmental, and/or genetic aspects of double-flower cultivars
have been investigated (22, 34–44), no functional evidence for
the underlying molecular mechanism of this familiar phenotype
is available to date in a noncore eudicot.
The species Thalictrum thalictroides includes cultivars that

exhibit homeotic floral phenotypes suggestive of defects in the
canonical organ-identity genes of the ABCE model. Among
these cultivars, we identified the Thalictrum thalictroides cultivar
‘Double White’ (also known as ‘Snowball’) as a candidate for loss
of C-class function, based on its double-flower phenotype. This
cultivar is a sterile homeotic mutant with flowers consisting en-
tirely of multiple white petaloid sepals (the genus Thalictrum is
apetalous). It presumably occurred spontaneously in natural pop-
ulations, where it was collected and clonally propagated by plant
enthusiasts because of the attractive nature of its double flowers.
In this study, we set out to characterize functionally ThtAG1,

a putative AGAMOUS ortholog from the ranunculid Thalictrum
thalictroides, and to test whether a mutation at this locus is re-
sponsible for a double-flower variety. In a forward genetic ap-
proach, we gathered strong evidence for the ‘Double White’
cultivar being affected in the AGAMOUS-like gene ThtAG1. In
the complementary reverse genetics approach, targeted silencing
of ThtAG1 caused a double-flowered phenocopy of the cultivar.
Importantly, this constitutes a description of a full C-class mu-
tant, affecting both organ identity and determinacy, in a noncore
(“basal”) eudicot.
Our results provide strong evidence for high conservation of

C-class gene function and of the interaction of C- and E-class
proteins between core eudicot model plants and a ranunculid,
including comparable roles in reproductive organ identity and
flower meristem determinacy. In addition, we identify the genetic
and biochemical basis of an ornamental double-flower variety,
suggesting that mutations in C-class genes likely underlie other
widespread double-flower varieties.

Results
‘Double White’ Flower Morphology and Development Are Consistent
with a Loss-of-Function Mutation in a C-Class Gene. To characterize
T. thalictroides ‘Double White,’ we compared its morphology and
development with wild type. T. thalictroides is apetalous, with
typically 5–12 white or pink petaloid sepals enclosing 45–76 fil-
amentous stamens and 3–11 free, uniovulate carpels (n = 21),
the last two spirally arranged (Fig. 1 A, E, and I). T. thalictroides
‘Double White’ flowers are sterile, with 56–105 petaloid sepals
(n = 12)—no stamens or carpels are formed—resulting in a
double-flower phenotype (Fig. 1 B, F, and J). The outer sepals of
‘Double White’ are comparable to wild-type sepals, whereas in-
ternal sepals have a slender base of variable length (Fig. 1 E and F).
Scanning electron microscopy (SEM) of young floral buds shows

marked differences between wild-type and ‘Double White’ early in
development. Wild-type floral meristems develop flattened se-
pal primordia on the outside, followed by multiple, cylindrical,
spirally arranged stamen primordia, then carpel primordia (dis-
tinguished by a central depression) (Fig. 1I). In ‘Double White’
all organ primordia are flattened and sepal-like (Fig. 1J).
The development of perianth organs in lieu of stamens and

carpels is reminiscent of Arabidopsis C-class ag mutants (10),
leading us to hypothesize that ‘Double White’ is mutated in a C-
class gene. To test this hypothesis, we (i) silenced the AG
ortholog ThtAG1 in wild-type T. thalictroides plants in an attempt
to phenocopy the cultivar; (ii) sequenced the ‘Double White’
ThtAG1 genomic locus and transcripts in search of mutations;
and (iii) tested the biochemical interactions of mutant proteins
as compared with interactions in wild type.

Virus-Induced Gene Silencing of ThtAG1 Phenocopies ‘Double White’
Flowers. T. thalictroides wild-type plants were subjected to virus-
induced gene silencing (VIGS) to test whether the ‘Double White’
floral phenotype results from loss of function of the putative
AG ortholog ThtAG1 and, more generally, to test the degree of
functional conservation of C-class genes in a ranunculid.
Survival after agroinfiltration with TRV1 and TRV2 silencing

vectors was 92% for plants treated with TRV2-ThtAG1, 90% for
TRV2-empty controls, and 100% for untreated control plants.
Flowering started 6 d after infiltration of the bare root plants.
Phenotypes observed in TRV2-empty plants included asymmet-
ric reduction in sepal size and occasional brown necrotic spots,
both previously reported as viral effects for this species (45).
Initially, 43% of TRV2-ThtAG1–treated plants showed overall
stunted growth habit and lack of stamen filament elongation as
compared with untreated controls. The early stunted growth phe-
notype also was observed in 86% of TRV2-empty–treated plants.
This early phenotype did not affect subsequent growth; plants
initially may have been responding to the vacuum infiltration
treatment. The lack of stamen elongation, which was not observed
in TRV2-empty plants, was interpreted as a late-stage function
of AG consistent with that reported in Arabidopsis (46). This
phenotype occurred shortly after infiltration when, in pre-
formed buds, ThtAG1 presumably would have been silenced
late in stamen development.
Homeotic floral phenotypes indicative of gene silencing were

seen in 53% of treated plants. Flowers showing complete ho-
meotic conversion of stamens and carpels to sterile organs (Fig. 1
C and G) were first observed 4 wk after infiltration and contin-
ued for at least 12 wk postinfiltration, resulting in 35 documented
silenced flowers across 16 TRV2-ThtAG1–treated plants. In these
flowers, outer organs resembled wild-type sepals, middle organs
(in the position of stamens) had slender bases as in ‘Double
White,’ and central organs (in the position of carpels) resembled
small sepals (Fig. 1G). Early development in strongly silenced
flowers shows that all primordia initiate with the flattened shape
characteristic of perianth organs rather than the cylindrical shape
characteristic of reproductive organs (Fig. 1K). Prior to the ap-
pearance of the fully homeotic phenotypes described above,
approximately 2 wk after infiltration, we began to observe partial
homeotic phenotypes consisting of loss of carpel and stamen
identity in a chimeric pattern within flowers (Fig. S1). Carpels
remained open and lacked their characteristic single apical
ovule, no differentiated stigmas with papillae were visible, and
nearby carpels were closed and ended in the normal stigmas with
white papillae (Fig. S1 A and B). Stamen filaments became
flattened and lanceolate, resembling sepals, and anthers were
missing or highly reduced (Fig. S1 C and D). This chimeric phe-
notype was observed in approximately half of TRV2-ThtAG1–
treated plants. After 3 wk, 13% of experimental plants had
flowers showing intermediate phenotypes, consisting of partial
conversion of reproductive organs to sterile organs throughout
the whole flower (Fig. 1 D and H). Sepaloid organs replacing
stamens were white to light pink, with a long narrow stalk and
a distal oval blade (Fig. 1H, two middle organs). Sepaloid organs
in the center of the flower, where carpels normally are found,
were comparable in shape to outermost sepals, except that they
were much smaller, green, and curved inward (Fig. 1H, right-
most organ). SEM detail of the center of a strongly silenced
mature flower reveals perianth-like organs through the center
and a floral meristem still differentiating perianth primordia
(Fig. 1L). None of the phenotypes described above were ob-
served on either TRV2-empty or untreated controls.
Close examination of T. thalictroides tubers by dissecting the

bud located at the “crown” (at the stage used for agroinfiltration)
revealed several floral primordia already present at various
stages of development before treatment (Fig. S2). This obser-
vation presented a likely explanation for phenotypes becoming
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stronger over time after infiltration, because flowers emerging
after treatment would be affected by the lack of ThtAG1 expres-
sion from inception, whereas those present before infiltration
would be affected at a later developmental stage.
Wild-type adaxial sepal epidermal cell morphology of T. tha-

lictroides was variable, consisting of regular to interlocking cells
(Fig. 1M, Upper) that, in some cases, became asymmetrically
papillate toward the base (Fig. 1M, Lower) (20, 47). Stamen fila-

ments had slender, elongated cells (Fig. 1N), whereas carpels had
more rounded cells and stomata (Fig. 1O). ‘Double White’ sepals
had an epidermal phenotype comparable to that of the more
irregular types found in wild type (Fig. 1P). Sepal-like inter-
locking cells also were found in the blade of organs occupying
the position of stamens (Fig. 1Q), whereas slender cells re-
sembling those of stamen filaments were found in their stalks
(Fig. 1R). Sepal-like cells also were found in the organs occu-
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Fig. 1. Silencing of the T. thalictroides AGAMOUS ortholog ThtAG1 results in homeotic conversions of floral organs that phenocopy the ‘Double White’
cultivar. Morphology and development of T. thalictroides wild-type, ‘Double White’ and TRV2-ThtAG1 flowers. (A) Wild-type flower with petaloid sepals (se),
stamens (st), and carpels (ca). (B) ‘Double White’ flower with petaloid sepals throughout. (C) Fully silenced TRV2-ThtAG1 flower showing complete homeotic
conversion of reproductive organs to sterile organs. (D) Partially silenced TRV2-TtAG1 flower showing incomplete homeotic conversion of reproductive
organs. (E–H) Dissected organs, outer to inner (Left to Right). (E) Wild-type sepal, stamen, and carpel. (F) ‘Double White’ outer, middle, and inner sepaloid
organs. (G) Fully silenced TRV2-ThtAG1 outer, middle, and inner sepaloid organs. (H) Partially silenced TRV2-ThtAG1 outer sepal, middle sepaloid stamens, and
inner sepaloid carpel. (I–L) SEM of developing flowers. (I) Wild-type bud with sepal, stamen, and carpel primordia. (J) ‘Double White’ bud with sepal pri-
mordia. (K) TRV2-ThtAG1 bud with sepal primordia. (L) TRV2-ThtAG1 open flower with homeotic organs. (M–Y) Adaxial epidermis cellular types by SEM. (M–

O) Wild-type sepal (M), stamen filament (N), and carpel (O). (P–S) ‘Double White’ outer sepal (P), blade of middle homeotic organ (Q), stalk of middle ho-
meotic organ (R), and ventral organ (S). (T–W) TRV2-ThtAG1 outer sepal (T), blade of middle homeotic organ (U), stalk of middle homeotic organ (V), and
central homeotic organ (W). (X) Mixed cell types in partially homeotic middle organ depicted in H. (Y) Mixed cell types in stalk of middle organ in H. (Z)
Central partially homeotic organ. (Scale bars: 1 cm in A–D; 1 mm in E–H; 100 μm in I–L and Z; and 10 μm in M–Y.)
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pying the position of carpels (Fig. 1S). Epidermal morphology of
outer sepals in silenced flowers (Fig. 1T) was comparable to the
more regular morphology found in wild-type sepals (Fig. 1M,
Lower). Homeotic organs that replaced stamens consisted of
sepal-like cells in the blade (Fig. 1U) and more elongated cells at
the stalk (Fig. 1V), resembling those found in comparable organs
of ‘Double White’ (Fig. 1R) and in wild-type stamen filaments
(Fig. 1N); organs replacing carpels had regular cells similar to
those found in the sepaloid organs (Fig. 1W). Flowers with weak
phenotype (Fig. 1D) had partially homeotic organs (Fig. 1H,
third from left) exhibiting patchy epidermis with mixed stamen
(elongate cells) and sepal cell types (Fig. 1X) and mixed types of
elongated cells in their stalks (Fig. 1Y). Partially fused central
organs with intermediate carpel–sepal identity also were ob-
served (Fig. 1Z). In summary, the SEM results show that, in both
‘Double White’ and full double flowers resulting from ThtAG1
silencing, cell morphology of homeotic organs matched that of
the outer sepals (compare Fig. 1 P, Q, and S with Fig. 1 T, U, and
W), except for the stalked bases of organs in place of stamens,
which more closely resembled cells in stamen filaments of wild-
type plants (compare Fig. 1 N, R, and V).
Most ‘Double White’ flowers had homeotic perianth-like

organs through the center (Fig. 2A), and approximately one third
of the flowers dissected (n = 14) had a secondary pedicel within
the center of the floral receptacle, giving rise to a nested bud that
reiterates the pattern of homeotic organs (Fig. 2B) and eventually
develops into a mature ‘Double White’ flower (Fig. 2C). Simi-
larly, although most strongly silenced flowers seemed to continue
to produce homeotic organs toward the center of the flower (Fig.
2D), beginning at ∼6 wk postinfiltration we observed a floral bud
growing on a pedicel from the center of the flower meristem
(Fig. 2E). The organs of the secondary flowers also were entirely

homeotic, with a whorl of larger outer petaloid sepals surrounding
smaller inner perianth-like organs (Fig. 2F). This phenotype was
observed in 42% of flowers (n = 19) and 67% of plants surveyed
(n = 9). In wild-type flowers, on the other hand, the floral
meristem is consumed in the production of carpels, which are
surrounded by stamens and sepals, never forming a nested flower
(Fig. 2G). Consistent with the indeterminacy that results in
a secondary bud within a flower, developmental SEM of VIGS-
treated flowers shows an extreme case of overproliferation of the
floral meristem, which likely would have led to more than one
nested flower (Fig. 2H). Organ counts (nested-flower organs
excluded) followed by one-way ANOVA found no significant
difference in the total number of organs (P = 0.69, F = 0.36) in
wild-type, silenced, and ‘Double White’ flowers (Fig. 2I), con-
sistent with a one-to-one homeotic conversion of reproductive
organs into perianth-like organs.

ThtAG1 Is Down-Regulated in Double Flowers Resulting from VIGS.
To test whether the floral phenotypes described above were, in
fact, caused by VIGS, we proceeded first to detect TRV tran-
scripts and then to test for down-regulation of ThtAG1. TRV1
and TRV2 viral transcripts were detected in a subset of treated
silenced plants (n = 18) and mock-treated plants (empty TRV2,
n= 4) but were absent from untreated controls (n= 4) (Fig. S3).
To test whether flowers exhibiting homeotic phenotypes

expressed lower levels of ThtAG1 than controls and levels
similar to ‘Double White,’ we used quantitative PCR (qPCR)
to quantify the expression of ThtAG1 in the different treat-
ments, untreated and empty TRV controls, and the cultivar,
relative to housekeeping genes (Fig. 3).
As expected from a VIGS experiment, a range of phenotypes

(described above) was observed. Flowers with very weak or

Fig. 2. Floral meristem reinitiation and one-to-one homeotic conversion of organs in flowers subjected to VIGS of ThtAG1 compared with that of ’Double
White’ flowers. Longitudinal sections of ‘Double White’ (A–C) and silenced (D–F) flowers of T. thalictroides reveal floral meristem determination defects as
compared with wild type (G). (A) Multiple sepaloid organs through the flower center in ‘Double White.’ (B) Reinitiation of the floral meristem. (C) Fully
developed nested ‘Double White’ flower. (D) Silenced flower with sterile homeotic organs in lieu of stamens and carpels. (E) Reinitiation of the floral
meristem in silenced flower leading to another floral bud that reiterates the pattern of homeotic organs. (F) Fully developed silenced nested flower. (G) Wild-
type flower with sepals, stamens, and central carpels. (H) SEM detail of extreme overproliferation of the floral meristem in a TRV2-ThtAG1–treated flower.
(I) Total number of floral organs (average ± SE) in wild-type (n = 21), ‘Double White’ (n = 21), and silenced pTRV2-ThtAG1 (n = 14) flowers were not sig-
nificantly different in a one-way ANOVA (P = 0.69, F = 0.36). (Scale bars: 1 mm in A–G; 100 μm in H.)
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patchy phenotypes (Fig. S1) were not included in the expression
analyses. The remaining silenced flowers collected (n = 35) were
divided into the following categories by phenotype level: cate-
gory 1, partial homeotic conversions of stamens and carpels (e.g.,
Fig. 1D); category 2, complete homeotic conversion of stamens
and carpels to sepaloid organs (e.g., Fig. 1C); and category 3,
complete homeotic conversions and containing a secondary
nested flower within (e.g., Fig. 2 E and F). To test whether the
increased intensity of the phenotypes resulted from increased
silencing (lower levels of target gene expression), we compared
the relative expression of ThtAG1 in phenotype category levels
1–3 by one-way ANOVA. The result was not significant (P =
0.78, F = 0.25; n = 35), suggesting the phenotype likely is af-
fected by timing rather than by intensity of silencing (Fig. S4).
One-way ANOVA among the four experimental groups—

untreated (n = 12), mock-treated (n = 9), TRV2-ThtAG1–
treated (n = 35), and ‘Double White’ cultivar (n = 4)—yielded
a highly significant effect of treatment (P < 0.0001, F = 36.55).
Tukey contrasts resulted in a significant difference between
silenced TRV2-ThtAG1–treated plants and controls (α = 0.05).
The ThtAG1 expression level in the ‘Double White’ cultivar did
not differ significantly from that of silenced flowers and also
was significantly lower than controls under Tukey contrasts
(α = 0.05) (Fig. 3).
In conclusion, the relative expression level of ThtAG1 was de-

creased by almost fivefold in double-flower phenotypes resulting
from VIGS as compared with the average in controls. These
results confirm that the observed phenotypes are caused by the
down-regulation of the endogenous copy of ThtAG1 as a result
of VIGS (Fig. 3). ‘Double White’ expressed 2.5-fold less ThtAG1
than controls, providing additional evidence supporting the hy-
pothesis that its double-flower phenotype is caused by reduced or
lacking C-class function. Although ‘Double White’ appeared to
express more ThtAG1 than TRV2-ThtAG1–treated double flowers,
the difference was not statistically significant.

Retrotransposon Insertion Underlies the ‘Double White’ Mutation. To
investigate the molecular basis of the ‘Double White’ mutant, we
compared sequences of wild-type and ‘Double White’ ThtAG1
genomic loci. The wild-type gene structure consists of seven exons
and six introns, with a total length of 7,394 bp. The ‘Double
White’ gene is 9,608 bp, the extra length resulting primarily from
an insertion in exon 4 (Fig. 4A). Closer inspection of the 2,209-
bp insert revealed that it is the long terminal repeat (LTR) of
a retrotransposon, a “solo” LTR, flanked by a 5-bp target site
duplication (CTCTC) and exhibiting the signature TG. . .CA
terminal dinucleotides (48). The insertion provides an early stop
codon 42 bp into exon 4, resulting in a nonsense mutation that
likely causes nonsense-mediated decay of the resulting transcript,
since we did not recover it from cDNA (49). Two cryptic splice-
acceptor sites (asterisks in Fig. 4A) are present 7 and 22 bp after
the LTR insertion.
Other differences between wild-type and mutant genomic loci

include intronic indels: three in intron 1 (15-bp, 59-bp, and 7-bp
long), one in intron 2 (17-bp long), and one in intron 5 (53-bp
long). An additional 91 small indels (≤3 bp) and SNPs occur
throughout the introns. When all genetic differences were con-
sidered, the major insertion in exon 4 was suspected to be the
most likely cause of the double-flower phenotype.

Fig. 3. Molecular validation of VIGS shows down-regulation of ThtAG1 in
homeotic flowers of T. thalictroides compared with controls. Relative levels
of ThtAG1 mRNA by qPCR in untreated (n = 12), TRV2-empty (n = 9), TRV2-
ThtAG silenced (n = 35), and ‘Double White’ flowers (n = 4), normalized with
the housekeeping genes ThtACTIN and ThtEEF1. Mean and SE are shown;
different letters indicate a significant difference (P < 0.0001, F = 36.55) in
a one-way ANOVA with Tukey contrasts (α = 0.05). The expression in TRV2-
ThtAG1 silenced and ‘Double White’ samples (B) is significantly lower than
the expression in untreated and TRV2-Empty samples (A). Silenced and
‘Double White’ expression levels were not significantly different from each
other, nor were the two controls (untreated and TRV2-empty) (P > 0.05).

Fig. 4. Comparative genomic structure of ThtAG1 reveals a retrotransposon
insertion in the ‘Double White’ mutant that disrupts mRNA accumulation
and protein function. (A) Genomic structure of the ThtAG1 locus in wild-type
(Upper) and ‘Double White’ (Lower). Lines represent introns, black boxes
represent exons, arrow represents donor site, and the white box represents
an insertion. The K domain is roughly encoded by exons 3–5 shown here. A
detail of the insertion shows a solo LTR of a retrotransposon coding for an
early stop codon (TGA) and two cryptic splice-acceptor sites (asterisks). (B)
Translated amino acid alignment of the K-domain region of T. thalictroides
wild-type and ‘Double White’ ThtAG1 recovered from cDNA. Note that two
‘Double White’ transcripts that result from the alternate acceptor sites in (A)
translate into shorter proteins, lacking either eight or 13 amino acids. The
three K subdomains are indicated (50), showing that the missing amino acids
in ‘Double White’ affect the area near the end of the K1 subdomain and the
region between K1 and K2 subdomains.
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mRNA Analysis Reveals Putative Mutant ThtAG1 Proteins in ‘Double
White.’ Because the ‘Double White’ cultivar does express a low
level of ThtAG1 (Fig. 3), we wanted to investigate whether the
transcripts resulted from the use of the two cryptic splice-
acceptor sites identified at the genomic level (Fig. 4A). Sequence
comparison of cDNA of wild-type T. thalictroides, two accessions
of ‘Double White,’ and one of ‘Snowball’ revealed two types of
shortened ThtAG1 transcripts that translate into putative pro-
teins lacking either 8 or 13 amino acids within the K domain
(ThtAG1Δ8 and ThtAG1Δ3Δ13) (Fig. 4B). These transcripts are
consistent with the use of the two cryptic splice-acceptor sites
(asterisks in Fig. 4A). The resulting deletion at the protein level
encompasses the end of the K1 subdomain and the intervening
region between K1 and K2 subdomains (Fig. 4B) (50). In addition,
an upstream FYQ sequence at the boundary of the intervening
region (the I domain) and the K domain also found in AG from
other plants such as Aquilegia, Papaver, Eschscholzia, and Vitis
(AY464110, GU123602, DQ088996, and HM192806, respectively),
is missing in one of the wild-type alleles (ThtAG1Δ3), and occurs
in combination with the missing 13-amino acids in one of the
‘Double White’ accessions (ThtAG1Δ3Δ13) (Fig. 4B). Five addi-
tional single-nucleotide changes in the coding region, repre-
senting synonymous substitutions, occur between wild type and
‘Double White’/‘Snowball.’ Because the K domain has been im-
plicated in protein–protein interactions (50, 51), the eight- and 13-
amino acid deletion alleles in the K domain were considered likely
candidates for the loss of AG function in ‘Double White’ (and
‘Snowball’) and were tested further by yeast two-hybrid analysis.

‘Double White’ Mutations Disable Interactions Between C and E Pro-
teins That Are Necessary for Normal Function. AGAMOUS proteins
form homodimers and interact with SEPALLATA proteins to
function in floral organ specification (5, 7, 52). To establish whether
the lesion in the K domain of ThtAG1 proteins in the double-
flowered mutants has a consequence at the level of protein–protein
interactions, a GAL4-based yeast two-hybrid system was used.
Interactions among the two wild-type alleles ThtAG1Δ3 and
ThtAG1, the mutant alleles ThtAG1Δ3Δ13 and ThtAG1Δ8, and
the SEPALLATA protein ThtSEP3 were assessed (Fig. 5).
ThtSEP3 exhibited autoactivation when fused to the DNA-

binding domain of GAL4. Thus, ThtSEP3ΔC, a C-terminal–deleted
version in which autoactivation was abolished, also was included

in the analyses (Fig. S5). The wild-type proteins ThtAG1Δ3 and
ThtAG1 were equally capable of interacting with ThtSEP3 and
with ThtSEP3ΔC, albeit only in one direction (i.e., when
ThtSEP3ΔC was fused to the activation domain of GAL4) (Fig.
S5), indicating that the loss of FYQ does not have a detrimental
effect on this interaction. In contrast, ThtSEP3 or ThtSEP3ΔC
did not interact or interacted only very weakly with either of the
‘Double White’ proteins with a mutated K domain (Fig. 5 and
Fig. S5). This result suggests that the missing eight or 13 amino
acids in the K domain of ‘Double White’ ThtAG1 are essential
for mediating interaction with ThtSEP3. Importantly, it also
provides much needed biochemical evidence in a noncore eudicot
for the C–E interaction predicted by the floral quartet model, in
line with findings of high conservation of protein–protein inter-
actions in other basal eudicots (53).

Discussion
We present evidence for strong conservation of C-class function
across distantly related angiosperms, i.e., the model core eudicots
Arabidopsis thaliana and Antirrhinum majus and the ranunculid
Thalictrum thalictroides. Moreover, we present a molecular dis-
section of a double-flower cultivar, the oldest class of homeotic
floral phenotype on record (31).
In a reverse genetics approach, we used VIGS to reduce en-

dogenous levels of ThtAG1 mRNA significantly in wild-type T.
thalictroides (Fig. 3). Flowers experiencing silencing of ThtAG1
phenocopied the ‘Double White’ cultivar, with one-to-one con-
version of reproductive to sepal-like organs and reinitiation of
the floral meristem (Figs. 1 and 2). In the complementary forward
genetic approach, we uncovered a solo LTR retrotransposon in-
sertion underlying the double-flower cultivar. A parsimonious
explanation of the mutant phenotype comprises a reduction of
the amount of functional mRNA caused by nonsense-mediated
decay resulting from the insertion. However, even if considerable
amounts of a protein were made (i.e., through the use of the
cryptic splice-acceptor sites), the results of our yeast two-hybrid
assays indicate that the mutant protein would be compromised
in its interaction capacities and hence its function (Fig. 5).
Therefore, C-class function in the double-flower variety is twice
handicapped.
LTR retrotransposons have been implicated in inducing al-

ternative splicing when inserted in an intron, disrupting the
original splice-acceptor site (54). Although in ‘Double White’ the
insertion is in an exon, and the original splice acceptor site is
maintained (Fig. 4A), the recovery of almost full-length tran-
scripts from cDNA of ‘Double White’ (Fig. 4B) implies that two
cryptic splice-acceptor sites downstream of the inserted trans-
poson are active. Although LTR retrotransposons are abundant
in plant genomes (48), they rarely have been shown to affect
phenotype significantly, a notable exception being the loss of red
skin color during the evolution of white grape varieties (55).
Therefore, our demonstration that an LTR retrotransposon is
the cause of a flower homeotic mutation provides further evi-
dence supporting the potential role of these elements in plant
domestication and evolution.
Protein–protein interactions are essential for the function of

MADS-domain transcription factors (5, 8, 56, 57). Importantly,
the K domain is involved in conferring protein–protein inter-
actions among MADS-domain proteins (12, 50, 58). Evidence for
the functional importance of the K domain in AG comes from
Arabidopsis thaliana, where the partial loss-of-function allele ag-4
possesses a lesion in the K domain (59). Moreover, the presence
of a single additional amino acid in the K domain of the C-class–
related protein FARINELLI (FAR) from Antirrhinum, also
resulting from a change in splicing, alters its interaction affinities
and influences its ability to specify floral organ identity (60). Thus,
a deletion in the K domain of ThtAG1 may well explain the
mutant phenotype observed in ‘Double White’ cultivars. This

Fig. 5. Mutant C-class proteins of T. thalictroides are unable to interact with
their putative E-class partner proteins, whereas wild-type proteins interact
normally. Interactions between different ThtAG1 proteins and ThtSEP3 were
determined with the yeast two-hybrid system. Colony growth on selective
Leu/Trp/His-free + 3 mM 3-AT medium is shown. Yeast cells were spotted in
10-fold serial dilution (from left to right) for each interaction tested. ThtSEP3
was expressed as fusion with the GAL4 activation domain (AD); ThtAG1
proteins were expressed as fusions with the GAL4 DNA-binding domain (BD).
For the complete set of interactions tested, see Fig. S5.
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possibility is supported by the notion that the interaction between
AG and SEP orthologs, considered essential for determination of
reproductive organ identity (5, 8, 60), is impaired in ThtAG1-
mutant proteins that lack part of the K domain. In addition, AG
expression levels were significantly lower in ‘Double White’ than
in wild-type plants (Fig. 3). In Arabidopsis, AG forms protein
complexes with other transcription factors to act in a positive
autoregulatory loop that maintains and amplifies AG expression
(61). If the K-domain mutation affects the ability of the AG
protein to form such complexes by inhibiting protein–protein
interactions, this effect also would explain the low expression
rates in ‘Double White’ flowers. However, an alternative expla-
nation (which is not mutually exclusive with the former one) for
the reduced ThtAG1 levels in ‘Double White’ flowers is that the
nonsense mutation generated by the insertion of a solo LTR
(Fig. 4A) renders the truncated ThtAG1 transcripts unstable so
that they are targeted for degradation.
Homeotic mutants have been invaluable in increasing the

understanding of the role of floral organ-identity genes, including
the elucidation of the central ABC model of flower development
(1, 3). Partial C-class mutants have been described previously in
the monocot grasses rice (24) and maize (21), and recently, the
rice double-mutant mads3 mads58 was shown to have the full
C-class loss-of-function phenotype, including loss of organ identity
and loss of floral determinacy (16). Such mutations typically have
been ignored as potential mechanisms of evolution because of
the assumption that such a radical transformation of floral organs
invariably would cause a decrease in fitness (62). For this reason,
homeotic mutants occurring in the wild typically have been
considered evolutionary dead ends, and such a fate would seem
particularly likely for any C-class mutant lacking reproductive
organs that might arise spontaneously within a given population.
‘Double White’ originally was isolated by growers from the wild
as a spontaneous mutant; the clonal growth habit of the species
makes it possible for the mutant to persist in a population de-
spite being sterile. The existence of similar mutants has been
documented in natural populations of other plant species; in one
notable instance, a double-flowered Vinca mutant has persisted
for more than 160 y (22).
Functional studies in the Papaveraceae have found that lack of

C function in the fourth whorl results in petals (14, 15), as in the
snapdragon ple far double mutant (23), rather than in sepals, as
in Arabidopsis (10). In Thalictrum the perianth is unipartite; only
one type of organ is present, historically described as sepals,
based on evolutionary and developmental evidence (63). The
sepals of T. thalictroides, as is typical of Ranunculaceae, are the
attractive part of the flower: They are large, white or pink, and
sometimes have conical-papillate cells (47). In our VIGS experi-
ments, stamens and carpels were replaced by organs that re-
sembled additional sepals, except that those in the position of
stamens were stalked, which appears to be a staminoid charac-
teristic based on epidermal morphology (compare Fig. 1 N and
U). Because petals have been lost before the diversification of
Thalictrum (64), the gene and protein networks required for
petal identity presumably would no longer be functional. Two
other double flowers of Ranunculaceae have been described in
which carpels were interpreted as suppressed and stamens as
replaced by petals (44). In ‘Double White,’ we find no evidence
of carpel suppression or petals being formed; instead, the mer-
istem produces sepaloid organs in lieu of stamens and carpels.
The preformation of floral meristems in the tubers of our

perennial-plant study system (Fig. S2) provides an opportunity to
dissect the timing of C-class gene functions in Thalictrum. Two
distinct roles have been attributed to AGAMOUS in core eudi-
cots: reproductive-organ identity and flower determinacy (10, 23,
65–67). Evidence from Arabidopsis indicates that AG has dif-
ferent timing and threshold levels for its identity vs. determinacy
roles, with determinacy occurring earlier (stage 3) (68) and organ

identity later (stage 6) (46). Although our experiments did not
test directly for AG thresholds, they do provide insight into the
timing of these two fundamental functions. The fact that flowers
displaying phenotypes of different severity had comparable levels
of ThtAG1 mRNA (Fig. S4) does suggest a timing effect, as
opposed to a delay in the triggering of silencing. In Thalictrum,
loss of reproductive-organ differentiation was the first evident
phenotype (Fig. S1), indicating a developmentally late function
of AG, because the first flowers to emerge presumably were
preformed at treatment and therefore were affected by silencing
late in their development. In fact, lack of filament elongation was
among the earliest phenotypes observed, consistent with the late
role of AG in Arabidopsis stamen maturation (46). Floral meri-
stem reinitiation, on the other hand, occurred later after the day
of infiltration; these flowers would have emerged after silencing
had initiated and therefore show the early effects of ThtAG1.
This timing for the determinacy and identity functions therefore
is similar to that reported for Arabidopsis and further confirms
the conservation not only of overall function but also of the
timing C-class roles, despite the distinct floral traits present in
these early- and late-diverging lineages of eudicot angiosperms.
Variable numbers of spirally arranged floral organs and free

uniovulate carpels with ascidiate development are ancestral floral
traits present in Thalictrum and are distinct from the fixed number
of whorled organs and the syncarpous gynoecia with multiple
ovules of core eudicots (69). These marked differences in flower
morphology and development in the two lineages make the sim-
ilarity in underlying genetic mechanisms of reproductive-organ
identity and flower meristem determinacy demonstrated in this
study especially remarkable.
None of the myriad of double-flowered horticultural varieties

has been dissected at a molecular level comparable to agamous
in Arabidopsis (3) or plena in Antirrhinum (67). Here we provide
a likely explanation for a case of double flower formation in the
ranunculid Thalictrum thalictroides. More broadly, functional
analysis of a C-class gene showed strong conservation of the re-
productive-organ identity and floral-determinacy roles described
for core eudicots (10, 23, 67) and provided vital experimental
evidence for the importance of the interaction between C- and
E-class proteins in a noncore eudicot.

Materials and Methods
Plant Materials. T. thalictroides wild-type, ‘Double White,’ and ‘Snowball’
plants were purchased from nurseries and grown in the University of
Washington greenhouses. Voucher specimens (WTU 376535, WTU 376544, and
WTU-387674) were deposited in the University of Washington Herbaria.

Cloning and Sequencing of the ThtAG1 Genomic Locus. The complete wild-type
and ‘Double White’ ThtAG1 locus was PCR amplified and sequenced from
genomic DNA. Intron 1 was amplified using primers ThtAG1int-cloneF7 and
ThtAG1int-cloneR7, cloned, and sequenced using M13 and internal primers.
The remainder of the wild-type gene was amplified using primers ThtA-
G1int-cloneF6 and ThtAG1int-cloneR4, cloned, and sequenced using M13F
and internal primers. The remainder of the ‘Double White’ gene was PCR
amplified and direct sequenced using the primer combinations ThtAG1 Exon
2 forward and ThtAG1 Exon 3 reverse; ThtDWAG1 Intron 2 forward and
ThtDWAG1 Intron 4 reverse; and ThtAG1 Exon 4 forward and ThtAG1 coding
stop reverse (Table S1). Sequence fragments were assembled into a contig in
Sequencher (v. 4.9), and consensus sequences by plurality were deposited in
GenBank (accession nos. JQ002519 and JQ002520).

Cloning of ‘Double White’ ThtAG1 Transcripts from cDNA. The coding sequence
for the ThtAG1 locus (GenBank accession no. AY867878) was completed on
the 5′ end by PCR on two accessions of wild-type cDNA using a forward
primer on the 5′UTR of the related species Thalictrum dioicum: TdAG-1–5′
UTR-F2: 5′-TGATCATTCCCCCCAAAGA-3′ and the reverse primer TdAG-1-R-
Whole Gene: 5′TAACAAAGTCCAGTTTGAAGGCA-3′. The same primers were
used on two accessions of ’Double White’ to obtain complete coding regions.
PCR products were cloned into pCRII using the TA cloning kit (Invitrogen), fol-
lowing the manufacturer’s instructions. Three to six clones from each of the two
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accessions were sequenced at the University of Washington High-throughput
Genomics Unit (Seattle). Sequences were aligned in Sequencher (v. 4.9), and
consensus sequences by plurality were deposited in GenBank (accession nos.
JN887118– JN887121).

The expressed allelic forms of ThtAG1 were amplified from cDNA of two
wild-type and three ‘Double White’ individuals using primers specific to each
of two wild-type and two mutant transcripts (Table S2).

VIGS of ThtAG1. A TRV2-ThtAG1 construct was prepared using a 421-bp
fragment of the cDNA (AY867878) (20), half of which comprised the end of
the coding region and the other half most of the 3′UTR. The fragment was
amplified by PCR from a representative clone using primers with added XbaI
and BamHI restriction sites, was ligated to TRV2, and was transformed into
Agrobacterium tumefaciens strain GV3101.

VIGS was performed on 60 T. thalictroides tubers (bare-root plants) that
had been kept at 4 °C for 8 wk, as described previously (45). Tubers were
wounded lightly near the bud using a clean razor blade, were placed in
infiltration medium so that all parts were submerged, and were infiltrated
under full vacuum (−100 kPa) for 10 min. Five untreated plants were potted
and grown alongside treated plants. Ten mock-treated control plants were
infiltrated identically, with empty TRV2 vector. Plants were placed in
a Conviron growth chamber at 21 °C and 16 h light and were monitored
daily for the following 2 mo. Homeotic floral phenotypes were first observed
2.5 wk after infiltration. When flowers appeared to show an abnormal
phenotype (shortly after anthesis), they were photographed, collected, and
frozen for molecular validation or were fixed in formaldehyde/acetic acid/
alcohol (FAA) for SEM.

Morphological Characterization of Floral Phenotypes. Flowers of T. thalictroides
‘Double White,’ silenced plants, and controls were photographed using a
Nikon SMZ800 dissecting microscope equipped with a QImaging Micro-
Publisher 3.3 RTV digital camera.

In preparation for SEM, floral tissue was fixed overnight or longer in FAA,
dehydrated for 30 min through an alcohol series, critical-point dried, mounted,
and sputter coated. Tissue preparation and observations were conducted in
a JEOL JSM-840A scanning electronmicroscope at theUniversity ofWashington
microscopy facility. Images were processed minimally in Adobe Photoshop CS5
v.11.0 and assembled using Adobe Illustrator CS5 v14.0.0.

Flower Organ Counts. Floral organs were counted once flowers had reached
maturity, defined as having fully developed anthers before dehiscence in wild-
type flowers or expanded outer sepals in fully silenced flowers that lacked
stamens. Organswere identified as sepals, stamens, carpels, or homeotic organs.
A flower was considered to possess a secondary (nested) flower if a pedicel was
observed separating the innermost whorls; organs within these secondary
flowers were not included in counts. One-way ANOVA was performed to test
the statistical significance of differences in the total number of flower organs
among silenced TRV2-ThtAG1 (n = 14), wild-type (n = 21), and ‘Double White’
(n = 21) flowers using JMP v. 7 statistical software (SAS Institute, Inc).

Molecular Validation of VIGS. Total RNA was prepared from 50–100 mg of
frozen floral tissue using TRIzol (Invitrogen), following the manufacturer’s
instructions. One microgram of the resulting total RNA was treated with
amplification-grade DNase I (Invitrogen) to eliminate potential genomic
contamination and was reverse-transcribed to cDNA using the SuperScript III
first-strand synthesis kit (Invitrogen) with Oligo(dT)20 or specific primers to

pTRV1, OYL 198 (5′-GTAAAATCATTGATAACAACACAGACAAAC-3′) (70), or
pTRV2, PYL156R (5′-GGACCGTAGTTTAATGTCTTCGGG-3′) (71).

To test for the presence of the TRV1 and TRV2 viral RNA in treated plants,
RT-PCR was carried out on 1 μL of cDNA using the TRV1-specific primers
OYL195 (5′-CTTGAAGAAGAAGACTTTCGAAGTCTC-3′) (70) and OYL198 and
the TRV2-specific primers pYL156F (5′-TTACTCAAGGAAGCACGATGAGC-3′)
(71) and pYL156R for 30 cycles at 51 °C annealing temperature.

Quantification of ThtAG-1 expression in the different treatments was
performed using real-time PCR, as previously described (47). Briefly, each
30-μL reaction contained 15 μL of SYBR Green PCR Master Mix (Bio-Rad),
0.9 μL (10 μM) of the gene-specific primers, 1 μL of template cDNA, and
12.2 μL of water. Locus-specific primers used for qPCR were ThtAG forward
5′-AGTCTCTCAGCAATCTCAATATCAGG-3′ and ThtAG1 reverse 5′-GCCCTGAG-
ATACTTGTTATCAGTCTGC-3′.

Samples were amplified by 40 cycles in triplicate, including a no-template
control, under the following conditions: 94 °C for 10 min, followed by 45
cycles of 94 °C for 30 s, 54 °C for 30 s, and 72 °C for 30 s on the MJ Research
Chromo4 PCR at the University of Washington Comparative Genome Center.
Melting curve analysis of the primers (50–95 °C in 0.5-°C increments of 1 s
each) yielded a single peak. Reactions were normalized to two housekeeping
genes, ACTIN and ELONGATION FACTOR 1 (EEF1), using the ΔΔCT relative
quantification method (72). Average values and SEs were graphed and com-
pared statistically by one-way ANOVA with Tukey contrasts using JMP v. 7.

Plasmid Construction for Yeast Two-Hybrid Assays. cDNA sequences encoding
T. thalictroides MADS-domain proteins were cloned into plasmids pGADT7
and pGBKT7 for yeast two-hybrid analyses using EcoRI and BamHI recogni-
tion sites. Exceptions are ThtAG1, ThtAG1Δ3Δ13, and ThtSEP3, which were
cloned into pGBKT7 using NcoI and SalI recognition sites. ThtSEP3 was
cloned into pGADT7 using EcoRI and SacI recognition sites. Primers used for
the PCR cloning procedure are listed in Table S3. Except for ThtSEP3ΔC,
which lacked the last 195 bp of the coding sequence of ThtSEP3, all
sequences cloned spanned the region from the MADS domain to at least the
stop codon of the respective cDNAs. The region encoding the N-terminal
extension present in some AG-like genes was not included.

Yeast Two-Hybrid Assays. Yeast two-hybrid assays were carried out as de-
scribed previously (73) with the following modifications: Cells were dissolved
in 100 μL water and were serially diluted 10-fold to up to 1:10,000 in water
before 2 μL of the undiluted suspension and of each dilution was plated on
Leu/Trp/His-free medium supplemented with 3mM 3-Amino-1,2,4-triazole
(3-AT) to test for an interaction and on Leu/Trp-free plates to control for
yeast growth. Interactions were scored after 6–9 d of incubation at 28 °C.
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