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Among all extant land plant lineages, the flowering plants, or angiosperms, are by far the most 

abundant and diverse. A leading force in their speciation has been attributed to morphological changes 

in flowers, a key reproductive innovation. The floral organ identity genes are thus a logical focus to gain 

insight into the angiosperm radiation, since alterations to both the structure and regulation of 

developmental genes are known to underlie morphological diversity. Genetic studies on flower 

development in the model plants Arabidopsis and Antirrhinum have yielded the ‘ABC model’, which 

predicts that the four types of floral organs (sepals, petals, stamens and carpels) are specified by the 

products of four gene classes, A, B, C, and the subsequently added E class, that act in combination. All 

but one of these transcription factors belong to the MADS-box family, their function analogous to the 

metazoan body patterning of HOX genes. 

Plant genomes are prone to duplication and paralogs are particularly widespread in the floral 

organ identity genes. My aim was to elucidate the function of representatives of an early clade of 



 

duplicated floral organ identity genes, with a focus on determining the degree of redundancy vs. 

divergence amongst them and of conservation in relation to the later-diverging models. To that end, I 

use the species Thalictrum thalictroides, from the clade sister to all other eudicots, with two C class 

gene orthologs and three B class gene orthologs. In the C class genes, one paralog showed deep 

conservation of the dual C class function, affecting both reproductive organ identity and meristem 

determinacy, while the second revealed specialization to ovule identity. This sub-functionalization is 

unlike the fate of the B class genes following duplication, which retained partial redundancy, showed 

deep conservation in stamen identity, and gained a novel role in ectopic petaloidy. Taken together, these 

studies illustrate the different fates that floral organ identity gene paralogs can assume following 

duplication that can ultimately be relevant to the generation of biodiversity. Moreover, they underscore 

the need to survey the functional relevance of all branches of a gene’s evolutionary history. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

TABLE OF CONTENTS 

 

 

Chapter 1. Loss of deeply conserved C class floral homeotic gene function and C and E class 

protein interaction in a double-flowered ranunculid mutant 

Abstract ...................................................................................... Error! Bookmark not defined. 

Introduction ................................................................................................................................. 2 

Materials and Methods ................................................................................................................ 5 

Results  ...................................................................................................................................... 10 

Discussion ................................................................................................................................. 18 

References ................................................................................................................................. 23 

Figure and Table Captions ........................................................................................................ 32 

Figures and Tables .................................................................................................................... 37 

 

Chapter 2. Sub-functionalization to ovule development following duplication of a floral organ 

identity gene 

Abstract ..................................................................................................................................... 50 

Introduction ............................................................................................................................... 51 

Materials and Methods .............................................................................................................. 53 

Results  ...................................................................................................................................... 61 

Discussion ................................................................................................................................. 69 

References ................................................................................................................................. 76 

Figure and Table Captions ........................................................................................................ 85 

Figures and Tables .................................................................................................................... 91 

 

Chapter 3. Gene duplication and neo-functionalization in the APETALA3 lineage of floral organ 

identity genes  

Introduction ............................................................................................................................. 108 

Materials and Methods ............................................................................................................ 110 

Results  .................................................................................................................................... 114 

Discussion ............................................................................................................................... 116 

References ............................................................................................................................... 121 

Figure and Table Captions ...................................................................................................... 126 

Figures and Tables .................................................................................................................. 130 



 

 

vi 
 

ACKNOWLEDGEMENTS 

 

I have received an enormous amount of support and encouragement from a great number of 

individuals throughout the realization of this dissertation. I would particularly like to thank Dr. Verónica 

Di Stilio for the enormous amount of time and energy she has dedicated to mentoring me, and for the 

lasting positive effects she will always have on me a scientist. I would also like to thank my committee 

members, Dr. Billie Swalla, Dr. Takato Imaizumi and Dr. Willie Swanson, for their insight and 

inspiration, which influenced both my research and my writing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

vii 
 

DEDICATION  

 

I would like to dedicate this dissertation to my grandfather and grandmother, Roy and Loretta 

Miller. Grandpa shared with me his love for the natural world, and his seemingly boundless knowledge 

regarding the plants and animals of the California foothills helped inspire my pursuit of biology. 

Grandma always encouraged my love of flowers, and some of my fondest memories are being allowed 

to gather bouquets and play in her gardens to my heart’s content.     

  



 

 

1 
 

Loss of deeply conserved C class floral homeotic gene function and C and E class protein 

interaction in a double-flowered ranunculid mutant 

 

Kelsey D. Galimba, Theadora R. Tolkin, Alessandra M. Sullivan, Rainer Melzer, Günter Theißen, and 

Verónica S. Di Stilio 

 

Abstract 

  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 determinacy. Moreover, flowers exhibiting strong silencing of 

ThtAG1 phenocopied the double-flowered ornamental cultivar T. thalictroides ‘Double White.’ 

Molecular analysis of ‘Double White’ ThtAG1 alleles revealed the insertion of a retrotransposon causing 

either nonsense- mediated decay of transcripts or alternative splicing that results in mutant proteins with 

K-domain deletions. Biochemical 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 importance 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 noncore (“basal”) eudicot, an ornamental double flower, affecting both organ identity 

and meristem determinacy. Using complementary forward and reverse genetic approaches, this study 
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demonstrates 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. 

 

Introduction 

Current understanding of floral patterning has emerged primarily from studies in the core eudicot 

model plants Arabidopsis 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 flowering 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 evolutionary success of the angiosperm clade depends, to a great extent, 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 
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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 sub-functionalization (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 diversification 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 angiosperm phylogeny (26), combined with the divergent 

expression data (20), led us to suspect that ThtAG1 is the C class floral homeotic 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 “teratomorphs,” 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 (e.g., roses, peonies, carnations, and camellias). Moreover, scientists have put similar natural 

deviations from normal development to good use to help elucidate the genetic basis of normal flower 

development (32, 33). Although morphological, developmental, and/or genetic aspects of double-   
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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 entirely of multiple white petaloid sepals (the genus 

Thalictrum is apetalous). It presumably occurred spontaneously in natural populations, 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 responsible 

for a double-flower variety. In a forward genetic approach, 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 mutant, 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. 
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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 ThtAG1int-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-RWhole Gene: 5′TAACAAAGTCCAGTTTGAAGGCA 3′. The same primers 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=ST1
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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), following the manufacturer’s instructions. 

Three to six clones from each of the two 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 
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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 MicroPublisher 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 JEOLJSM-840A scanning electron microscope at the University of 

Washington 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 wildtype flowers or expanded outer sepals in fully silenced 

flowers that lacked stamens. Organs were 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). 
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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 ThtAG1 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 ThtAG1 forward 5′-

AGTCTCTCAGCAATCTCAATATCAGG-3′ and ThtAG1 reverse 5′-

GCCCTGAGATACTTGTTATCAGTCTGC 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 
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(EEF1), using the ΔΔCT relative quantification method (72). Average values and SEs were graphed and 

compared 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 recognition 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 described 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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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 filamentous 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 internal 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 sepal 

primordia on the outside, followed by multiple, cylindrical, spirally arranged stamen primordia, then 

carpel primordia (distinguished by a central depression) (Fig. 1 I). In ‘Double White’ all organ 

primordia are flattened and sepal-like (Fig. 1 J). 

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.  
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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 

asymmetric 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 phenotype 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 preformed 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 homeotic conversion of stamens and carpels to sterile organs (Fig. 1 C and 

G) were first observed 4 wk after infiltration and continued for at least 12 wk post infiltration, 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. 1 G). Early 

development in strongly silenced flowers shows that all primordia initiate with the flattened shape 
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characteristic of perianth organs rather than the cylindrical shape characteristic of reproductive organs 

(Fig. 1 K). Prior to the appearance 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 phenotype 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. 1 H, 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. 1 H, rightmost 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. 1 L). None of the phenotypes described above 

were observed 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 observation presented a likely explanation for phenotypes 

becoming stronger over time after infiltration, because flowers emerging after treatment would be 

affected by the lack of ThtAG1 expression from inception, whereas those present before infiltration 

would be affected at a later developmental stage. 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF2
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Wild-type adaxial sepal epidermal cell morphology of T. thalictroides was variable, consisting of 

regular to interlocking cells (Fig. 1 M, Upper) that, in some cases, became asymmetrically papillate 

toward the base (Fig. 1 M, Lower) (20, 47). Stamen filaments had slender, elongated cells (Fig. 1 N), 

whereas carpels had more rounded cells and stomata (Fig. 1 O). ‘Double White’ sepals had an epidermal 

phenotype comparable to that of the more irregular types found in wild type (Fig. 1 P). Sepal-like 

interlocking cells also were found in the blade of organs occupying the position of stamens (Fig. 1 Q), 

whereas slender cells resembling those of stamen filaments were found in their stalks (Fig. 1 R). Sepal-

like cells also were found in the organs occupying the position of carpels (Fig. 1 S). Epidermal 

morphology of outer sepals in silenced flowers (Fig. 1 T) was comparable to the more regular 

morphology found in wild-type sepals (Fig. 1 M, Lower). Homeotic organs that replaced stamens 

consisted of sepal-like cells in the blade (Fig. 1 U) and more elongated cells at the stalk (Fig. 1 V), 

resembling those found in comparable organs of ‘Double White’ (Fig. 1 R) and in wild-type stamen 

filaments (Fig. 1 N); organs replacing carpels had regular cells similar to those found in the sepaloid 

organs (Fig. 1 W). Flowers with weak phenotype (Fig. 1 D) had partially homeotic organs (Fig. 1 H, 

third from left) exhibiting patchy epidermis with mixed stamen (elongate cells) and sepal cell types (Fig. 

1 X) and mixed types of elongated cells in their stalks (Fig. 1 Y). Partially fused central organs with 

intermediate carpel–sepal identity also were observed (Fig. 1 Z). 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. 2 A), 

and approximately one third of the flowers dissected (n = 14) had a secondary pedicel within the center 
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of the floral receptacle, giving rise to a nested bud that reiterates the pattern of homeotic organs (Fig. 2 

B) and eventually develops into a mature ‘Double White’ flower (Fig. 2 C). Similarly, although most 

strongly silenced flowers seemed to continue to produce homeotic organs toward the center of the 

flower (Fig. 2 D), beginning at ∼6 wk post infiltration we observed a floral bud growing on a pedicel 

from the center of the flower meristem (Fig. 2 E). 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. 2 F). 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. 2 G). 

Consistent with the indeterminacy that results in a secondary bud within a flower, developmental SEM 

of VIGS treated flowers shows an extreme case of over proliferation of the floral meristem, which likely 

would have led to more than one nested flower (Fig. 2 H). 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. 2 I), consistent 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 transcripts 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 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF3
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the different treatments, 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 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: category 1, partial homeotic conversions of stamens and carpels (e.g., Fig. 1 D); 

category 2, complete homeotic conversion of stamens and carpels to sepaloid organs (e.g., Fig. 1 C); 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 affected 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 decreased 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 hypothesis that its double-flower phenotype is caused by 
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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. 4 A). 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. 4 A) 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 considered, the major insertion in exon 4 was suspected to be the most likely cause of the double-

flower phenotype. 

 

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. 4 A). Sequence comparison of cDNA of wild-type T. thalictroides, 
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two accessions of ‘Double White,’ and one of ‘Snowball’ revealed two types of shortened ThtAG1 

transcripts that translate into putative proteins lacking either 8 or 13 amino acids within the K domain 

(ThtAG1Δ8 and ThtAG1Δ3Δ13) (Fig. 4 B). These transcripts are consistent with the use of the two 

cryptic splice-acceptor sites (asterisks in Fig. 4 A). The resulting deletion at the protein level 

encompasses the end of the K1 subdomain and the intervening region between K1 and K2 subdomains 

(Fig. 4 B) (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 additional single-nucleotide 

changes in the coding region, representing synonymous substitutions, occur between wild type and 

‘Double White’/‘Snowball.’ Because the K domain has been implicated 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 Proteins 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 
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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 interactions 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 dissection 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 endogenous 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 conversion of reproductive to sepal-like 

organs and reinitiation of the floral meristem (Figs. 1 and 2). In the complementary forward genetic 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF5
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approach, we uncovered a solo LTR retrotransposon insertion 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 alternative 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. 4 A), the recovery of almost full-length 

transcripts from cDNA of ‘Double White’ (Fig. 4 B) implies that two cryptic splice-acceptor sites 

downstream of the inserted transposon 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 

evidence 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 interactions 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 
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K domain of ThtAG1 may well explain the mutant phenotype observed in ‘Double White’ cultivars. 

This 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 explanation (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 
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persist in a population despite 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 experiments, stamens and carpels 

were replaced by organs that resembled additional sepals, except that those in the position of stamens 

were stalked, which appears to be a staminoid characteristic 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 meristem produces sepaloid organs in lieu of stamens and carpels. 

The pre-formation 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 eudicots: reproductive organ identity and flower determinacy 

(10, 23, 65–67). Evidence from Arabidopsis indicates that AG has different 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 
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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 pre-formed 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 meristem 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 similarity 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 reproductive organ 

identity and floral-determinacy roles described for core eudicots (10, 23, 67) and provided vital 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203686109/-/DCSupplemental/pnas.201203686SI.pdf?targetid=nameddest=SF4
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experimental evidence for the importance of the interaction between C and E class proteins in a noncore 

eudicot. 
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Figure Captions  

 

Figure 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-ThtAG1 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 

primordia. (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 homeotic 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.) 

 



 

 

33 
 

Figure 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 over proliferation 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 significantly 

different in a one-way ANOVA (P = 0.69, F = 0.36). (Scale bars: 1 mm in A–G; 100 μm in H.) 

 

Figure 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-ThtAG1 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). 
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Figure 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. 

 

Figure 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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Supplemental Figure Captions 

 

Figure S1. Incomplete silencing effects on TRV2-ThtAG1-treated flowers of Thalictrum 

thalictroides. (A) Weak carpel phenotype consisting of open carpels without stigmas in lower half of 

flower center. (B) Detail of flower center in A. (C) Partial homeotic conversion of stamens in right half 

of the flower; (D) Homeotic organs among stamens. (Scale bars: 1 mm.) 

 

Fig. S2. Tubers with floral primordia. (A) Large cluster of radially arranged tubers (T) supporting one 

bud (B) on the proximal end, containing primordia protected by enclosing bracts. (B) Floral (FP) and 

leaf (LP) primordia in various stages of development with bracts removed. (C) Floral primordium 

showing differentiated carpel (CP), stamen (StP), and sepal (SeP) primordia, with leaf primordia (LP) 

enveloping the flower. 

 

Fig. S3. Detection of TRV transcripts in virus-induced gene silencing (VIGS)-treated flowers 

showing homeotic phenotypes. RT-PCR with TRV1- and TRV2-specific primers on untreated (n = 4), 

mock-treated (n = 4), and VIGS-treated silenced plants (n = 18). The smaller band in TRV2-empty 

plants corresponds to the distance between primers spanning the MCS region in the absence of a target-

gene insert; the difference between this band and the bigger band in treated plants corresponds to the 

length of the target-gene insert (421 bp). A reverse-transcription control confirms the lack of genomic 

DNA contamination. Size of PCR products, in base pairs (bp), is indicated on the right side. 

 

Fig. S4. Relative levels of ThtAG1 transcript by quantitative PCR in VIGS flowers with increasing 

intensity of homeotic phenotypes. TRV2-ThtAG1-treated flowers in Fig. 3 have been divided 
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according to the intensity of their homeotic phenotype. Mean and SE of phenotype level 1 (n = 9), level 

2 (n = 20), and level 3 (n = 6) are shown, normalized with the housekeeping genes ThtACTIN and 

ThtEEF1. Average control line represents the mean expression of untreated and empty TRV2 plants (in 

Fig. 3). The different VIGS phenotypes express comparable amounts of ThtAG1. Differences were not 

significant in a one-way ANOVA; P = 0.78, F = 0.25. See main text for description of phenotype 

categories. 

 

Fig. S5. Interactions among Thalictrum MADS-domain proteins as determined with the yeast two-

hybrid system. Colony growth on selective -Leu/-Trp/-His + 3 mM 3-AT medium is shown. As in Fig. 

5, yeast cells were spotted in 10-fold serial dilution (from left to right) for each interaction tested. 

Constructs that expressed proteins as fusions with the GAL4 activation domain (AD) are shown 

horizontally; constructs that express GAL4 binding-domain (BD) fusions are shown vertically. Δ, 

negative controls in which empty vectors that did not contain a MADS-box gene cDNA insert were 

used. 

 

Table S1. Primers for amplification and sequencing of ThtAG1 genomic locus from T. 

thalictroides wild type and ‘Double White’ 

  

Table S2. Primers for detection of expressed alleles of ThtAG1 in individual plants of Thalictrum 

thalictroides wild type, ‘Double White,’ and ‘Snowball’ 

 

Table S3. Primers for cloning of T. thalictroides MADS-box gene cDNAs into yeast two-hybrid 

vectors 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure S1  
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5  
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Table S1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Name Primer Sequence 

ThtAG1int-cloneF4 5′-GCAAACGAGAGAGCCCCAGAACAT-3′ 

ThtAG1int-cloneR4 5′-TATAAGATAGGGAGAGATTAAGACACGGCAC 3′ 

ThtAG1int-cloneF5 5′-CAGCAAGAAGCGTCAAAACTG-3′ 

ThtAG1int-cloneR5 5′- GCATATACTCTATCTCAGCAAACAGC 3′ 

ThtAG1int-cloneF6 5′-AACTCTGGATCTGTTTCTGAAGCTAATG-3′ 

ThtAG1int-cloneF7 5′-GTCTTCTCTACGCGTGGTCG-3′ 

ThtAG1int-cloneR7 5′-CATTAGCTTCAGAAACAGATCCAGAGTT-3′ 

ThtAG1int-cloneF8 5′-ATTTCTCTCTCTCTCTTGCTTTC 3′ 

ThtAG1int-cloneR8 5′-GCCATCTCTTGGTCTATTACTCC 3′ 

ThtAG1int-cloneF9 5′-ATGCTTCACATAGAACCTCG-3′ 

ThtAG1int-cloneR9 5′-TTGGTTGCTTCCTGATAGTC 3′ 

ThtAG1int-cloneF10 5′-CCAAAGGGTAAGAATCAAGACC 3′ 

ThtAG1int-cloneR10 5′-GCACATTATGCTCTTGGG-3′ 
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Table S2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Sequence Description 

5′-GCTAATGTGCAGTTTTACCAGC 3′ 
AG1_allele_F1: binding in the Δ3 region (FYQ), designed to amplify only when the FYQ 

sequence is present 

5′-AAAGGGTGCAGAAGACATGAC 3′ AG1_allele_R1_all: binding downstream of both deletions, designed to amplify all alleles 

5′-ATTCGGCTTCAAAGAAAAATG-3′ AG1_allelE   F2_all: binding upstream of both deletions, designed to amplify all alleles 

5′-GCTCCCTGATATTGAGATTGC 3′ 
AG1_allele_R2: binding in Δ13 region. Designed to amplify only when Δ13 deletion is 

absent 

5′-AGACTCCCCCAACTCTGGAT-3′ AG1 allele test forward:: binding upstream of both deletions 

5′-TCTTTTTGGCTCGGATTTTG-3′ AG1 allele test reverse: binding downstream of both deletions 
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Table S3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Sequence Description 

5‘-TAGCGCGAATTCATGGGAAGGGGAAAGATTGAAA 3‘ 
Binding at the beginning of the MADS box of ThtAG1; used for 

cloning of ThtAG1; ThtAG1Δ3; ThtAG1Δ8; ThtAG1Δ3Δ13. 

5′-AATCGCGGATCCCAAAAGCTTTCACAGAATATCACC 3′ 

Binding at the end of the coding sequence and in the 3′ UTR of 

ThtAG1; used for cloning of ThtAG1; ThtAG1Δ3; ThtAG1Δ8; 

ThtAG1Δ3Δ13. 

5′-AGTGTAGAATTCAGCCATGGGAAGGGGAAAGATTGAA 3′ 
Binding at the beginning of the MADS box of ThtAG1; used for 

cloning of ThtAG1; ThtAG1Δ3Δ13. 

5′-ACTGCAGTCGACCACAGAATATCACCCAAGTTG-3′ 
Binding at the end of the coding sequence and in the 3′ UTR of 

ThtAG1; used for cloning of ThtAG1; ThtAG1Δ3Δ13. 

5′-CCTAGTGAATTCATGGGAAGAGGAAGAGTTGAGT-3′ 
Binding at the beginning of the MADS box of ThtSEP3; used for 

cloning of ThtSEP3 and ThtSEP3ΔC. 

5′-AGTCGAGAATTCAGCCATGGGAAGAGGAAGAGTTGAG-3′ 
Binding at the beginning of the MADS box of ThtSEP3; used for 

cloning of ThtSEP3. 

5′-TAGCTTGAGCTCTTAAGGTACGAGAGACACCACT-3′ Binding at the 3′ UTR of ThtSEP3; used for cloning of ThtSEP3. 

5′-CTATCAGTCGACCTTGCGGATCAGCTTCAGC 3′ Binding at the 3′ UTR of ThtSEP3; used for cloning of ThtSEP3. 

5′-AAGCTTGGATCCGTCGACTTAATTTGGTTGGCTACCTTCCTC 3′ Used for cloning of ThtSEP3ΔC 
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Sub-functionalization to ovule development following duplication of a floral organ identity gene 

 

Kelsey D. Galimba and Verónica S. Di Stilio 

  

Abstract 

 Gene duplications result in paralogs that may be maintained due to the gain of novel functions 

(neo-functionalization) or the partitioning of ancestral function (sub-functionalization). Plant genomes 

are especially prone to duplication; paralogs are particularly widespread in the floral MADS box 

transcription factors that control organ identity through the ABC model of flower development. C class 

genes establish stamen and carpel identity and control floral meristem determinacy, and are largely 

conserved across the angiosperm phylogeny. An additional D class had been identified as controlling 

ovule identity; yet subsequent studies indicated that both C and D lineage genes more commonly control 

ovule development redundantly. The ranunculid Thalictrum thalictroides has two orthologs of the 

Arabidopsis thaliana C class gene AGAMOUS (AG), ThtAG1 and ThtAG2 (Thalictrum thalictroides 

AGAMOUS1/2). We previously showed that ThtAG1 exhibits typical C class function; here we examine 

the role of its paralog, ThtAG2. Our phylogenetic analysis shows that ThtAG2 falls within the C lineage, 

together with ThtAG1, and is consistent with previous findings of a Ranunculales-specific duplication in 

this clade. However, ThtAG2 is not expressed in stamens, but rather solely in carpels and ovules. This 

female specific expression pattern is consistent with D lineage genes, and with other C lineage genes 

known to be involved in ovule identity. Given the divergent expression of ThtAG2, we tested the 

hypothesis that it has acquired ovule identity function. Molecular evolution analysis showed evidence of 

positive selection on ThtAG2 - a pattern that supports divergence of function by sub-functionalization. 

Down-regulation of ThtAG2 by virus-induced gene silencing resulted in homeotic conversions of ovules 
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into carpel-like structures. Taken together, our results suggest that, although ThtAG2 falls within the C 

lineage, it has diverged to acquire “D function” as an ovule identity gene, and does not appear to require 

a direct interaction with the ThtAG1 protein. We therefore present a functional example of ovule 

identity being specified by either a single gene or a gene pair within the C lineage, with no D lineage 

contribution. Following a Ranunculales-wide duplication in the AG lineage, functional divergence has 

led to the evolution of ovule identity-specificity in a T. thalictroides C lineage gene.  

 

Introduction 

Gene duplication has long been recognized as an important contributor to the evolution of 

biological complexity. While redundant duplicates are more likely to become pseudogenes, they can 

sometimes partition the role of the original gene (sub-functionalization), or gain novel roles (neo-

functionalization) (1,2).  In angiosperms, gene duplications are responsible for the expansion of the 

MADS-box floral organ identity gene family, which contains instances of all three post-duplication fates 

(3–5). Moreover, duplications in the MADS-box gene family appear to correlate closely with 

angiosperm diversification (6–8). Evo-devo studies focused on the functional fate of duplicated MADS-

box genes in key taxa should therefore contribute to a better understanding of the evolution of flowering 

plants (3).  

 The first model describing the role of organ identity genes in the patterning of the floral axis 

emerged from studies in Arabidopsis thaliana and Antirrhinum majus. The original ABC model 

predicted how the expression of specific combinations of three classes of transcription factors 

determines floral organ identity. A class proteins were characterized as specifying sepals; A and B class, 

petals; B and C class, stamens; and C class, carpels and floral meristem determinacy (9–11). Since then, 

modifications of the ABC model include the addition of a D class for ovule identity (12), and an E class, 
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working in association with the ABC proteins to form the DNA binding tetramers necessary for 

functionality (13,14).  

 Whether genes belonging to the D clade (from here on referred to as D lineage) should be 

recognized as a separate class in the ABC(D)E model has been controversial, mostly due to taxon-

specific differences. Both the clade comprised of AG and its orthologs (C lineage) and the clade 

containing SEEDSTICK (STK) and its orthologs (D lineage) belong to the larger AGAMOUS subfamily 

(15). The D class was originally described based on loss of function mutants of the Petunia FLORAL 

BINDING PROTEIN (FBP) genes, FBP7 and FBP11. These mutants consisted of homeotic conversion 

of ovules into carpels, clearly suggesting a role in ovule identity (12). However, a more recent study 

revealed that Petunia ovule identity is actually redundantly shared among four genes within the 

AGAMOUS subfamily: the C lineage genes PMADS3 and FBP6, in addition to the originally described 

D lineage genes FBP7 and FBP11 (16). A similar redundancy is observed in A. thaliana, where ovule 

identity is shared among C lineage SHATTERPROOF (SHP) SHP1 and SHP2, and D lineage STK (17). 

In rice, where ovules develop directly from the floral meristem rather than from carpels, ovule identity is 

also redundantly controlled by the C lineage genes OsMADS3 and OsMADS58 in combination with the 

D lineage gene OsMADS13 (18,19).  

A duplication event in the C lineage gave rise to two sub clades that predate the diversification of 

the order Ranunculales (15), the earliest diverging group within the eudicots (20,21). This duplication is 

independent, and much more recent, than the one that gave rise to the separate C and D lineages. In the 

ranunculid species T. thalictroides, ThtAG1 is expressed in stamens, carpels1, and ovules throughout 

development, controlling stamen and carpel identity and floral meristem determinacy (23,24). In the 

related species T. dioicum, ThdAG2 has ovule-specific expression (24), leading us to hypothesize that 

                                                           
1 For the purpose of this article, carpels comprise the ovary wall, style and stigma, and are distinct from ovules (22) 
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this paralog might be responsible for ovule identity throughout the genus. Interestingly, no D lineage 

gene has been recovered in Ranunculaceae (15), although other families in the order do have genes that 

fall within this clade (8,25). 

The goal of this study was to test whether a C class gene duplicate has sub- or neo-functionalized 

to become an ovule-identity gene in the ranunculid species T. thalictroides. We addressed this question 

by defining the nature of the duplication phylogenetically, investigating patterns of selection by 

molecular evolution, testing protein-protein interactions and characterizing gene expression and 

function. Our results illustrate a case of decoupling of genetic orthology from functional equivalence 

and represent a novel example of a C lineage gene taking up ovule identity function with no D lineage 

contribution.  

  

Materials and Methods  

Plant materials 

T. thalictroides bare root plants were purchased from nurseries and grown in the University of 

Washington Greenhouses or in Conviron chambers at 21°C under long day conditions (100 μmol/m2 for 

16 hrs/day). A voucher specimen for this species had been previously deposited at the UW Herbarium 

(WTU 376542). 

 

Cloning of ThtAG2 

In order to isolate the complete ThtAG2 coding sequence, we designed primers to the 5’ and 3’ 

untranslated regions (UTRs) in the related species T. dioicum, ThdAG2 (KP006675). That full transcript 

was in turn generated by 5’ Rapid Amplification of cDNA Ends (RACE) and alignment to a previously 

generated partial sequence (AY464094.1) (15) (Table S2).   
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Phylogenetic analysis 

In order to understand the phylogenetic position and duplication history of the Thalictrum C 

class genes, ThtAG1 (JN887118.1) (23), ThtAG2 (KM656465) and 21 additional sequences from non-

core eudicots (GenBank and 1KP Project) were aligned by hand to previously published nucleotide 

alignments (8,15) using MacClade version 4.08 (26). Orthologs were obtained using BLAST search with 

ThtAG1, ThtAG2 and STK (NM_001203767.1) (27) as the query sequences (Table S1).  

 Bayesian analyses on the nucleotide alignment were conducted in MrBayes using the 

TIM2+I+G model of evolution as determined by Modeltest version 3.7 (28) in CIPRES Science 

Gateway version 3.1 (29) with four chains of Markov Chain Monte Carlo and sampling one tree every 

1000 generations for 100,000,000 generations. The first 25% of trees were discarded before convergence 

(standard deviation = 0.01). In order to identify the degree of conservation of previously identified AG 

motifs I and II (15), the C terminal regions from selected taxa were translated and hand-aligned using 

MacClade version 4.08. The degree of amino acid residue conservation was highlighted using 

BOXSHADE, version 3.21, setting the fraction of sequences that must agree for shading to 0.5.  

 

Molecular evolution analyses 

In order to detect the type of selection operating on the C class genes and to test the hypothesis 

that ThtAG2 is under positive selection, we used the codeml branch-site model in PAML-X (the 

graphical user interface for PAML 4.7, (30). A subset of thirty-one C lineage genes was hand aligned in 

MacClade (twenty-nine Ranunculales, one Sabiaceae and one Proteaceae), and a Bayesian analysis was 

performed to produce the user-tree input for codeml. The TRN + G model of evolution was determined 

using Modeltest version 3.7 (28). Bayesian analyses were conducted as explained above for 10,000,000 

generations. The first 10% of trees were discarded before divergence (standard deviation = 0.01). 
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Positive selection was tested on the branch leading to ThtAG2, and additionally on the branches leading 

to the RanAG2 clade, ThtAG1, ThdAG2 and ThtAG2-ThdAG2. Default settings with fixed values of κ=2, 

α=0 and ω=1, model =2 (2 or more dN/dS) and Nsites=2 were used for the null model, and identical 

settings, except an unfixed ω for the alternative model (30). To determine if the difference in likelihood 

scores among the two models was statistically significant, Likelihood Ratio Tests were performed and p 

values corresponding to the resulting ratios were corrected using the Holm-Bonferroni method (31). A 

Bayes Empirical Bayes (BEB) analysis was used to determine which residues of ThtAG2 were under 

positive selection (ω>1). To determine which lineages in the phylogeny were evolving under positive 

selection, we used the Branch-Site REL method (Adaptive Evolution Server at Datamonkey.org) on the 

Ranunculales alignment in addition to the PAML analyses. This method identifies lineages and nodes at 

which a proportion of sites evolve with dN/dS > 1, without any assumptions (32). 

Since the two species compared are phylogenetically distant (33) and their AG2 orthologs are 

also rather divergent, we added the AG2 ortholog from a third species from an intermediate phylogenetic 

position, T. hernandezii (ThhAG2). The sequence was obtained from a T. hernandezii transcriptome and 

added to the Ranunculales alignment, then analyzed using PAML as described above. Positive selection 

was tested on the branch leading to ThtAG2-ThhAG2, as well as on branches leading to ThdAG2, 

ThtAG2-ThhAG2-ThdAG2 and the whole RanAG2 clade. 

 

Expression analysis of C lineage genes in wild-type flowers 

In Situ hybridization 

Young buds were dissected from the eyes of dormant T. thalictroides tubers. Buds were fixed in 

FAA (50% ethanol, 10% formalin, 5% acetic acid) with vacuum infiltration for 15 minutes and 4 hours 

of oscillation. Samples were taken through a dehydration series of 30 minutes each: 50%, 70%, 85%, 
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90% and 100% ethanol. After the 100% ethanol step, samples were placed in fresh 100% ethanol and 

left overnight at 4°C. Solution was exchanged for fresh 100% ethanol and incubated at room 

temperature for 1 hour, followed by subsequent room temperature incubations in 50% ethanol/50% 

CitriSolv for 2 hours, then 100% CitriSolv for 2 hours. They were then embedded in Paraplast Plus 

(VWR Scientific, CA) at 60°C, changing Paraplast three times each day for two days.  

Gene-specific probes were designed to exclude regions of high similarity between ThtAG1 and 

ThtAG2. A 439-bp region from ThtAG1 and a 432-bp region from ThtAG2 comprising approximately 

equal amounts of the end of the coding region (C terminus) and the 3’UTR were amplified from 

plasmids, using primers designed to contain either T3 (sense) or T7 (antisense) RNA polymerase 

promoters (Table S2). The transcription reaction was performed using DIG RNA Labeling Mix (Roche 

11277073910), following manufacturer’s protocol. The probe was hydrolyzed to 150bp and re-   

suspended in 50% deionized formamide.  

In Situ hybridization was performed as described in (34) with the following modifications: 125 

µg/ml of protease was used for enzyme digestion, 0.5 ng/µl/kb of probe was used for hybridization 

reactions and slides were hybridized for 13 hours at 42° C. Stringency washes were done at 52° C. Color 

reaction was stopped at 48 hours. 

 

Quantitative PCR 

Young open flowers of T. thalictroides were dissected into sepals, stamens, carpels and ovules. 

Three samples were processed for each organ type, each consisted of pooled organs from two flowers 

from one plant. Total RNA was extracted using TRIzol (Invitrogen, Life Technologies, CA), following 

manufacturer instructions. Total RNA was treated with amplification grade DNase (Invitrogen, Life 
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Technologies, CA). First strand cDNA was synthesized from 1 µg of total mRNA using Superscript III 

(Invitrogen, Life Technologies, CA) with Oligo-dT, following manufacturer instructions.  

Locus specific primers were used to test expression levels of ThtAG1 and ThtAG2 by quantitative 

PCR (qPCR) (Table S2). Each reaction contained 15 µl iQ SYBR Green Supermix (Bio-Rad170-8882), 

12.2 µl H2O, 0.9 µl each of forward and reverse primer and 1 µl of cDNA. Samples were amplified on 

an MJ Research Chromo4 Detector for 45 cycles, in triplicate, including a no-template control. Cycling 

conditions were: 94ºC for 10 minutes and 45 cycles of 94ºC for 30 seconds, 54ºC for 30 seconds and 

72ºC for 30 seconds. Relative expression was calculated using the 2-ΔΔCt method (35), and normalized 

against ThtACTIN and ThteEF1α (Elongation Factor 1α).  

 

Ontogeny of wild-type ovules  

Wild-type carpels were dissected from flowers at different developmental stages, ranging from 

unopened buds to fully opened flowers with dehisced anthers. Ovules were photographed using auto 

fluorescence under confocal microscopy (see details below) to determine a baseline ontogeny for the 

characterization of phenotypes emerging from the targeted gene silencing experiments.  

 

Virus-induced gene silencing (VIGS)  

A TRV2-TtPDS-ThtAG2 construct was prepared using a 429 bp fragment comprising the C 

terminal region (176 bp) and 3’UTR (253 bp) of ThtAG2. A 425 bp fragment of T. thalictroides 

PHYTOENE DESATURASE (TtPDS) (HM488111.1) was added to the construct as a reporter, as it 

causes photobleaching of photosynthetic tissue, facilitating screening of plants undergoing gene 

silencing (36). The ThtAG2 fragment was amplified by PCR from a representative clone using primers 

with added XbaI and BamHI restriction sites (Table S2), ligated to an existing TRV2-TtPDS construct, 
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and transformed into Agrobacterium tumefaciens strain GV3101. Thirty-three T. thalictroides tubers 

(bare root plants) that had been kept in the dark at 4°C for 8 weeks, were treated with TRV2-TtPDS-

ThtAG2 as described previously (36). Briefly, tubers were nicked near the bud using a clean razor blade, 

submerged in infiltration medium containing appropriate Agrobacterium cultures, and infiltrated in a 

chamber under full vacuum (−100 kPa) for 10 min. Twenty five plants were infiltrated identically with 

empty TRV2 vector (mock-treated control, to detect background viral effects) and these, along with 20 

untreated plants, were grown in identical conditions to treated plants. Plants were placed in a Conviron 

growth chamber at 21°C under long day conditions (100 μmol/m2 for 16hrs/day).  Flowers from all 

treatments were observed under a Nikon SMZ800 dissecting scope and photographed using a Q-Imaging 

MicroPublisher 3.3 digital camera. Eighteen flowers (from seven plants) were chosen for analysis, based 

on their strongly photobleached floral tissue. Nine flowers (from six plants) were frozen and processed 

for RNA, and nine flowers (from four plants, three of the plants also used for RNA) were processed for 

confocal microscopy. Eight flowers (from five mock-treated plants) and five flowers (from five 

untreated plants) were collected and processed as controls. 

 

Molecular validation of VIGS lines 

Total RNA was extracted from whole frozen flowers using TRIzol (Invitrogen, Life 

Technologies, CA), following manufacturer instructions. First strand cDNA was synthesized as 

explained above using Superscript III (Invitrogen, Life Technologies, CA)  with primers OYL198 for 

TRV1, pYL156R for TRV2 (37) or Oligo-dT. Locus specific primers were used to test expression levels 

of ThtAG1 and ThtAG2 by Reverse-transcription PCR (RT-PCR) on 2.5 µl of cDNA, taking care to 

place one of the primers outside of the gene fragment present in the TRV2 construct (Table S2). RT-

PCR was performed on 2.5 µl of cDNA using Platinum Taq DNA Polymerase (Invitrogen, Life 
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Technologies, CA), following manufacturer instructions. Cycling conditions were: 95ºC for 2 minutes 

and 30 cycles of 94ºC for 30 seconds, 52ºC for 1 minute and 72ºC for 2 minutes and a final extension at 

72ºC for 5 minutes. Five microliters of PCR product was run on a 1.2% agarose gel and stained with 

ethidium bromide for visualization, then photographed using Photodyne Photography System, model 

702. Gel band intensities were quantified using ImageJ 1.48 (NIH), normalizing against ThtACTIN 

controls. For treated samples, flowers with similarly high levels of photobleaching as those used for 

confocal microscopy (below) were used.  

 

Scanning Electron Microscopy (SEM) 

Floral tissue was fixed overnight in FAA, dehydrated for 30 min through an alcohol series, 

critical point dried, mounted, and sputter coated. Observations were conducted in a JEOLJSM-840A 

scanning electron microscope at the University of Washington microscopy facility.  

 

Confocal microscopy 

The single ovules contained in each carpel were dissected, fixed in FAA for at least 24 hrs, 

dehydrated through an ethanol series and cleared with methyl salicylate. Ovules were mounted on slides 

using Cytoseal Mounting Medium (Richard-Allan Scientific, MI) and scanned for auto fluorescence 

using a Leica TCS SP5 II Laser Scanning Confocal Microscope (LSCM) equipped with a DPSS561 

Laser and a DD/488/561 filter. Images were captured at 0.2 to 0.4 μm optical sections using a 20×0.7 

objective in LAS AF version 2.6 (Leica Microsystems Inc., IL). Analysis and processing of the images 

were done using LAS AF software and ImageJ 1.48 (38). 

 

Histological Sectioning 



 

 

60 
 

In order to compare infertile carpels derived from gene silencing to wild-type carpels after hand 

pollinations, seed morphology was analyzed in paraffin sections. Mature fruits were collected and fixed 

in FAA, followed by dehydration through an ethanol series, then 50/50% ethanol CitriSolv, ending in 

CitriSolv (Fisher Scientific, PA). Fruits were embedded in Paraplast Plus at 60ºC, replacing the wax 

three times daily for two days. On the third day they were placed into Peel-A Way molds (Fisher 

Scientific, PA) and allowed to harden to room temperature. Fruits were sectioned using an American 

Optical Company microtome (8 µm) and mounted on glass slides (Fisher Scientific, PA). Wax was 

removed with CitriSolv and sections were rehydrated through an ethanol series. Slides were then washed 

and mounted in Phosphate buffered saline (PBS). Sections were observed under bright-field settings 

with a Nikon Microphot-FX microscope and photographed using a Q-Imaging MicroPublisher 3.3 

digital camera. 

 

Yeast two-hybrid assays 

Plasmids pGADT7 and pGBKT7 containing cDNA sequences encoding T. thalictroides MADS-

domain proteins had been previously generated and kindly provided for this study by Rainer Melzer and 

Günter Theißen (23). 

cDNA sequences encoding proteins for ThtAG1, ThtAG2 and ThtSEP3ΔC were cloned into 

pGADT7 using EcoRI and BamHI recognition sites; ThtAG2 and ThtSEP3ΔC were cloned into 

pGBKT7 using EcoRI and BamHI recognition sites and ThtAG1 was cloned into pGBKT7 using NcoI 

and SalI recognition sites (primers listed in Table S2). ThtSEP3ΔC is a C terminal-deleted version of 

ThtSEP3 lacking the last 195 bp of the coding sequence, used previously to avoid auto activation 

(23,39). All other sequences cloned spanned the region from the beginning of the MADS domain to at 

least the stop codon of the respective cDNAs.  
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Yeast two-hybrid assays were carried out using Matchmaker Gold Yeast Two-Hybrid System 

(Clontech, CA). Cells were co-transformed and plated on Leu/Trp-free media to select for diploid 

colonies. Single colonies were serially diluted 10-fold to up to 1:10,000 in water before 5 μl of each 

dilution were plated on Leu/Trp/His-free media and Leu/Trp/His-free media supplemented with 

Aurebasidin A (AbA) to test for protein interaction, and on Leu/Trp-free media to control for yeast 

growth. Interactions were scored and photographed after 4 days of incubation at 28°C. 

 

Results  

ThtAG2 belongs to the C lineage of flower organ identity genes 

To determine the evolutionary relationship between the two T. thalictroides C class genes and 

other members of the AG subfamily, we generated a phylogenetic analysis of ThtAG1 and ThtAG2 

(Table S1) (Fig. 1). The Bayesian majority rule consensus tree showed that ThtAG1 and ThtAG2 fall 

within the C lineage, in two separate clades representing a Ranunculales-wide duplication event (Fig. 1, 

red arrows). No D lineage T. thalictroides genes were recovered from the 1KP transcriptome nor a draft 

genome (BGI). Our analysis confirmed that the duplication that led to the Ranunculaceae AG1 

(RanAG1) and AG2 (RanAG2) orthologs occurred prior to the diversification of the order Ranunculales 

(15), which includes the families Ranunculaceae, Berberidaceae, Menispermaceae, Lardizabalaceae, 

Circaeasteraceae, Papaveraceae and Eupteleaceae (15,21). With an increased representation of non-core 

eudicot taxa, and based on currently available data, our analysis revealed a number of apparent gene 

losses following the duplication event in several families within the order. Orthologs corresponding to 

the RanAG2 clade are absent in taxa from Berberidaceae, Lardizabalaceae and Eupteleaceae, while 

orthologs corresponding to the RanAG1 clade are absent from Papaveraceae. Based on available data 

(no sequences are available for Menispermaceae and Circaeasteraceae), Ranunculaceae is the only 
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family to have retained both AG1 and AG2 in the Ranunculales. This hypothetical pattern of gene losses 

may change in the future, once more complete genomic coverage of additional genera in each family 

becomes available.  

In our analysis, the rice gene OsMADS13, one of the few D lineage genes that has been tested 

functionally, falls within the C lineage whether or not we include the C terminus in the nucleotide 

alignment. This and other grass genes have historically been labile in placement between C and D 

lineages, and the C terminus region has been omitted from alignments completely or in part in different 

studies due to its divergent nature (8,15). A more recent examination shows that these genes are most 

likely orthologous to other D lineage genes based on the presence of a number of K-domain features 

(18). There are multiple factors that could be affecting the placement of OsMADS13 in our alignment: 

the more prominent one being higher sampling coverage in the Ranunculales clade (the focus of this 

study) as compared to the grass clade. 

To further characterize ThtAG1 and ThtAG2 we analyzed the C terminal region of their protein 

products, which is involved in protein-protein interactions (40). Compared to core eudicots, ThtAG1 

exhibits conservation of the aspartic acid residue in the second amino acid of AG motif I (Fig. 2, dot), 

while ThtAG2 has a serine at this position; in core eudicot D lineage proteins this residue is highly 

variable (15). ThtAG2 lacks the highly conserved lysine residues in positions five and six of AG motif II 

(Fig. 2, dots) that have also been identified as a D lineage feature in core eudicots (15). Taken together, 

ThtAG2 exhibits features associated with both C and D lineages at the protein level; the biological 

relevance of these features will require a more in-depth functional assessment.  

The enrichment in Ranunculales taxa allowed us to identify a single amino acid change specific 

to this order. A valine residue is highly conserved in the last position of the AG motif II in the core 
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eudicot C lineage; non-core eudicot sequences exhibit a conserved glycine and all members of the 

RanAG2 clade have a cysteine at this position (Fig. 2, dot).  

 

ThtAG2 is under positive selection. 

In order to determine patterns of selection in the Ranunculales AG phylogeny, we conducted 

molecular evolution analyses on two different trees, containing AG2 sequences from two or three 

species of Thalictrum. The Likelihood Ratio (LR) for positive vs. neutral models on the ThtAG2 branch 

for the first gene phylogeny was statistically significant (8.401, p=0.015), which indicated that ThtAG2 

experienced positive selection. Five sites were identified under positive selection: one is located in the 

K-domain and four are in the C terminus. A lysine at position 211 is highly statistically significant 

(Table 1). There was no evidence of positive selection for the branches leading to ThtAG1, ThdAG2 nor 

ThtAG2-ThdAG2 (LR=0). Additionally, the RanAG2 clade as a whole is not under positive selection 

(LR= 0.202, p=1).  

To complement the above approach, we used the Branch-Site REL method to determine whether 

any Ranunculales C lineage genes are under positive selection. The resulting phylogeny indicated two 

branches under significant positive selection: ThtAG2 (p=0.02) and the AG ortholog from Ranunculus 

scleratus, RascAG (p=0.01) (Fig. S1). Taken together, these results suggested that out of all 

Ranunculales C lineage genes, positive selection occurs only in two genes within the RanAG2 clade: 

ThtAG2 and RascAG.  

 The presence of a large deletion in the AG Motif I of the available ThdAG2 protein (Fig. 2) 

caused us to suspect this gene may be skewing our analysis (causing positive selection to falsely appear 

species-specific in the ThAG2 clade). In order to have better representation for the genus, we added an 

ortholog from a third species, T. hernandezii. ThhAG2 was extracted from a transcriptome (BGI), added 
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to the Ranunculales alignment and analyzed in PAML. The three species, T. thalictroides,  T. dioicum 

and T. hernandezii are representatives of distinct clades in the species phylogeny (33,41). The coding 

sequence of ThhAG2 (KR150759) is identical to ThtAG2, though differences were noted in the UTRs. 

The Likelihood Ratio (LR) for positive vs. neutral models on the ThtAG2-ThhAG2 branch of the gene 

phylogeny was statistically significant (8.457, p=0.014), indicating that both ThtAG2 and ThhAG2 are 

under positive selection. The same five amino acid sites were identified under positive selection (Table 

1). There was no evidence of positive selection for the branches leading to ThdAG2 or ThtAG2-ThhAG2-

ThdAG2 (LR=0). Again, the RanAG2 clade as a whole is not under positive selection (LR= 0.238 p=1). 

The results from the molecular analysis on this second phylogeny suggest that AG2 experienced positive 

selection in at least two distantly related species of Thalictrum, T. thalictroides and T. hernandezii, 

whose common ancestor dates back 18.4 my to the origin of the whole genus (41).  

 

ThtAG2 is expressed in carpels and ovules.  

To test the spatial and temporal expression patterns of ThtAG1 and ThtAG2, we performed in situ 

hybridization on buds and qPCR on dissected organs of young open flowers (Fig. 3). In buds (Fig. 3 A), 

neither gene was detected in sepals or stamens (Fig. 3 B, E); both genes were expressed in the ovule and 

the placenta – the section of carpel wall where the ovule is attached (Fig. 3 C, F). In ovules that are 

developing integuments, expression appears excluded from the nucellus and concentrated in the 

integuments (Fig. 3 D, G).  

In the qPCR analysis of dissected organs from young open flowers (Fig 3 H), neither gene could 

be detected in sepals (Fig. 3 I). ThtAG1 was present in stamens while ThtAG2 was not and both genes 

were expressed in carpels and ovules (Fig. 3 I). Ovules had higher expression of both genes than carpels: 

approximately eleven times as much ThtAG1 and three times as much ThtAG2. Differences in 
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expression observed by the two methods are likely related to flower developmental stage and different 

sensitivity of each method to detecting low levels of mRNA. Because these plants are perennial spring 

ephemerals that form their flowers underground, the earliest stage at which flowers can be harvested is 

already passed the organ primordia stage when MADS box genes are typically expressed the most. This 

would explain why we did not detect expression of ThtAG1 in stamens and carpels by in situs, as 

expected from the ABC model, instead detecting its later role in ovule development. It could also 

explain why we only detected ThtAG2 expression in the integuments of the ovule. The fact that ThtAG1 

is detected by qPCR at a later developmental stage in stamens and carpels suggests that this assay was 

more sensitive to low levels of mRNA.  

 

Ovule ontogeny in T. thalictroides  

An ovule ontogeny was generated as a baseline comparison against ovules in flowers for which 

ThtAG2 had been silenced. The T. thalictroides gynoecium is apocarpous (free carpels), consisting of 4-

15 uniovulate carpels that develop into achenes (indehiscent, dry fruits) after fertilization (42). In young 

buds, small ovules (approximately 20 µm long) had two visible integuments surrounding the nucellus 

and embryo sac (the female gametophyte). A hypostase appeared as an auto fluorescing region below 

the embryo sac (Fig. 4 A, F) that became brighter as development progressed (Fig. 4 H-J). Hypostases 

consist of thick-walled cells and are likely involved in nutrient transfer to the developing seed (43). Two 

integuments continued to completely envelope the nucellus and embryo sac at all stages (Fig. 4 F-J). Just 

prior to anthesis (Fig. 4 A), the embryo sac was visibly cellularized (Fig. 4 F). In older flowers with 

partially elongated stamens (Fig. 4 C, H) and at the beginning of stamen dehiscence (Fig. 4 D, I), the 

embryo sac became enlarged and the central cell transitioned from two polar nuclei (Fig. 4 H) to a 

secondary nucleus (derived from the fusion of these two nuclei, Fig. 4 I). In mature flowers that were 
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shedding pollen (Fig. 4 E, J) embryo sacs seemed fully developed, having increased approximately nine 

times in size (180 µm) and showing a Polygonum-type morphology (seven cells, eight nuclei) (44). 

Individual cells could be identified at the micropylar end (interpreted as one synergid and one egg), in 

the center (central cell with secondary nucleus) and at the chalazal end (interpreted as two antipodal 

cells). Other members of Ranunculaceae have been reported to degenerate synergid and antipodal cells 

as a normal part of development (45), so it is possible that synergid and/or antipodal cells that are not 

visible in our preparations have actually degraded.  

 

Down-regulation of ThtAG2 results in homeotic conversion of ovules into carpel-like organs.  

VIGS was used to down-regulate expression of ThtAG2 in T. thalictroides plants, using TtPDS as a 

reporter gene. VIGS-treated flowers were undistinguishable from untreated or mock-treated flowers to 

the naked eye, except for photobleaching of carpels and young stamens due to down-regulation of 

TtPDS (compare Figs. 5 A, B). Of 33 plants infiltrated with TRV2-TtPDS-ThtAG2, 30 survived to 

flowering. Photobleaching of leaves was first observed 21 days after infiltration in 20 plants (67%) and 

nine of these (30% of total) had photobleached flowers.  

No homeotic phenotypes were apparent in flowers from any treatment, so we used confocal 

microscopy to investigate the presence of an ovule phenotype. As explained above, untreated ovules of 

wild-type plants are bitegmic, with both integuments enveloping the nucellus and a distinct, cellularized 

embryo sac at maturity (Fig. 5 C). Of the nine TRV2-TtPDS-ThtAG2 treated flowers fixed for confocal 

microscopy, all exhibited abnormalities in ovule development (different ovules from the same flower 

often exhibited different phenotypes). Eight flowers contained ovules with an elongated structure 

protruding slightly from the micropyle, an amorphous micropylar region and an unorganized, under-

developed embryo sac (Fig. 5 E   F). In two of these flowers, no nuclei were visible in any of the ovules 
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(Fig. 5 E), whereas in the other six at least some of the ovules contained embryo sacs where one to three 

nuclei were visible (Fig. 5 F). Six flowers (five of which also had weak phenotypes) exhibited a stronger 

phenotype, in which the ovules had been replaced by a carpel-like structure with no embryo sac (Fig. 5 

G, H). We interpreted this structure as a homeotic conversion of an ovule into a carpel-like chimeric 

organ, based on the morphological similarity to a wild-type carpel, with the elongated terminal region 

resembling a style and a stigma (Fig. 5 D). Some ovule features are still present on these converted 

organs (i.e. integuments and hypostase), indicating that they are chimeric, with mixed carpel and ovule 

identity. 

In an attempt to confirm carpel identity, we looked for morphological markers of carpel 

development and carpel-specific cell-types using three-dimensional (3D) confocal reconstructions of 

ovule morphology. We first compared surface cells of the style-like protrusion to those of wild-type 

styles and ovule (outer) integuments. Since surfaces of all three organs consisted of mostly isodiametric 

cells with slightly irregular borders (Fig. S3 A C), surface cell morphology could not be used to 

determine the identity of the protrusions. We then examined five style-like protrusions by 3D imaging 

and near-360˚ views for three of them (Fig. 5 I-L). These reconstructions revealed a distinct and 

irregular cleft (Fig. 5 J, L), which we interpreted as the furrow present in normal developing wild-type 

ascidiate carpels of Thalictrum and other non-core eudicots (46) (Fig. 5 C). 

Hand pollination with wild-type pollen resulted in mature achenes in untreated flowers (Fig. 5 

M) and in green carpels (presumably not experiencing silencing) of chimeric flowers in plants treated by 

VIGS (Fig. 5 N). Fully photobleached carpels, in which ThtAG2 was presumably down-regulated, did 

not develop achenes and appeared atrophied (Fig. 5 N). Seeds of mature untreated fruits were enlarged 

and plump, containing endosperm and a small embryo upon sectioning (Fig. 5 O, P). The 

underdeveloped embryo is consistent with the morphological dormancy of seeds described for other 
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Ranunculaceae, in which the embryo develops fully only after seed dispersal (45,47), and was therefore 

considered normal. Within the atrophied carpels of VIGS-treated plants, ovules appeared aborted, 

elongated and withered, with no visible embryo (Fig. 5 Q, R).  

To confirm the down-regulation of ThtAG2 by VIGS, we analyzed its expression and tested for 

the presence of TRV1 and TRV2 transcripts in flowers from treated, untreated and mock-treated (empty 

TRV2) plants (Fig. 6, S5). All treated flowers (n=9) had ThtAG2 expression that was visibly lower than 

untreated (n=5) and mock-treated controls (n=3) (Fig. 6 A). Gel band brightness quantified using 

ImageJ, showed that the average mean ThtAG2 expression in treated flowers was statistically lower than 

controls (12.5-fold decrease) (Fig 6 B). We also analyzed ThtAG1 expression levels, which were lower 

than controls in some of the treated flowers (Fig. 6 A, flowers 1a, 2a, 4a and 1b). Average ThtAG1 

expression in treated flowers was not statistically different from controls (Fig. 6 B), yet individual 

flower expression levels ranged greatly, from a 9-fold decrease to a 2-fold increase compared to average 

untreated (Fig. S5). Treated plants were chimeric, which is not uncommon in VIGS experiments (36), 

having a mix of flowers with mild and strong phenotypes.  

TRV1 and TRV2 transcripts were present in all TRV2-TtPDS-ThtAG2 treated flowers. TRV2 

product sizes were approximately 1244 bp, yet varied slightly in size from whole (429 bp) to truncated 

(314 bp) versions of the ThtAG2 insert (Fig. S6). Truncation of inserts has been reported in 

Agrobacterium-mediated transformation of other species (48,49) and it is not expected to affect 

silencing in the observed range. Of the eight mock-treated flowers screened, three had TRV1 and empty 

TRV2 transcripts (390 bp); no viral transcripts were detected in the five untreated flowers screened (Fig. 

S6).   

 

ThtAG2 interacts with the E class protein ThtSEP3, but not with ThtAG1 
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Because in A. thaliana, SEP3 is required for ovule development (50) and is known to interact 

directly with AG (51,14,52), we tested their interactions in T. thalictroides. We used a GAL4-based 

yeast two-hybrid system to characterize interactions among ThtAG1, ThtAG2 and ThtSEP3ΔC (Fig. 7). 

ThtAG2 did not interact with itself or with ThtAG1 when fused to either the activation or binding 

domain of GAL4. ThtAG2 did interact with ThtSEP3ΔC, although only when fused to the activation 

domain – a phenomenon reported previously in ThtAG1 (23).  

 

Discussion 

We present evidence that, following gene duplication in the C lineage of Ranunculales, the 

Thalictrum thalictroides AG ortholog ThtAG2 was constrained to ovule identity (a function traditionally 

described for D class genes). This change in gene function is supported by: 1) positive selection on the 

branch of the gene tree leading to ThtAG2, 2) restriction of ThtAG2 expression to female reproductive 

organs (carpels and ovules) and 3) conversion of ovules into carpel-like structures as a result of targeted 

gene silencing of ThtAG2.   

 

In the absence of D lineage genes, ThtAG2 assumed ovule identity function 

Given the angiosperm-wide nature of the duplication leading to the C and D lineages (15), it is 

likely that a Thalictrum ancestor once possessed a D lineage gene (Fig. 1, 8 B). Functional studies of 

other D lineage genes (16,17,19) suggest that this putative D gene would have had an ovule identity role 

that was redundantly shared with the C lineage gene. Based on the widespread absence of D lineage 

genes from Ranunculaceae, Berberidaceae and Eupteleaceae and their presence in Papaveraceae and 

Lardizabalaceae, the most parsimonious explanation (based on sequences available at the time of this 

study) is that the D lineage was lost at least twice in the order Ranunculales (Fig. 8 A). Based on current 
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understanding of the Ranunculales phylogeny (21), we propose that these gene losses would have 

occurred after the AG1/AG2 duplication at the base of the order.  

Since the original ABC model was proposed, more extensive sampling of orthologs from 

divergent taxa has resulted in gene phylogenies with specific clades that are generally identified by the 

same class-based organization.  However, it is apparent from the literature that the actual function of 

such genes does not always correspond to the phylogenetic lineage in which they fall (53,54). This issue 

of genetic versus functional orthology is also clearly illustrated by ThtAG2, which falls within the C 

lineage in the AG subfamily, but has a D class function. In other taxa, such as Arabidopsis, Petunia and 

rice, ovule identity is specified redundantly by genes in the C and D lineages (17,16,19). 

Examples of D lineage genes with expression in both ovules and carpels are also common, and 

include hyacinth (HoMADS1), lisianthus (EGMADS1) and grape (VvMADS5) (55–57). For the reasons 

stated above, the distinction of the D from the C class has been controversial. This study provides an 

additional argument against the designation of the D lineage as a separate class, as it illustrates another 

example of D function, i.e. ovule identity, taken up by a gene that falls within the C lineage.  

 

Patterns of molecular evolution support sub-functionalization of ThtAG2 

As mutations accumulate in duplicated genes, a variety of fates are possible for each copy, each 

of which corresponds to a specific pattern of selection.  For this reason, we investigated the molecular 

signatures of selection on ThtAG2. Among the Thalictrum genes tested, both ThtAG2 and ThhAG2 

showed evidence of positive selection, suggesting divergence of function that occurred before the 

diversification of these two species. The species phylogeny of Thalictrum has one major split: T. 

thalictroides belongs to one of the major clades that has traits considered ancestral for the genus (such as 

being diploid, hermaphroditic and insect pollinated, while T. dioicum and T. hernandezii belong to the 
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other major clade of derived, mostly polyploid, dioecious or andromonoecious (and wind-pollinated) 

species (33,41). The fact that our analysis detected positive selection in the common ancestor of both 

ThhAG2 and ThtAG2, but not in ThdAG2, suggests that positive selection (and sub-functionalization) 

occurred before the diversification of the genus and was subsequently relaxed in the T. dioicum lineage.  

Our analyses indicated that five specific amino acids are under positive selection in ThtAG2 and 

ThhAG2, one of which is a threonine that falls within the second helix of the K domain and has been 

implicated in tetramerization (58). We propose that this residue could be altering the ability of ThtAG2 

to form higher-order protein complexes, a mechanism by which MADS-box proteins auto-regulate their 

own expression and cross-regulate each other’s expression (59,60). The four remaining amino acids 

under positive selection are located in the C terminus, which has been recognized as having multiple 

functions, including protein-protein interactions (40). Interestingly, two of these (serine and 

phenylanine) are located in AG Motif I. Although the precise role of the AG motif is unknown, its high 

conservation suggests that positive selection on these sites might be relevant to the functional novelty 

revealed by our VIGS experiments.   

 Positive selection can be a signature for both neo- or sub-functionalization (61). Under neo-

functionalization, we would expect ThtAG2 to be under positive selection (dN/dS>1) and its paralog 

ThtAG1, to be under neutral selection (dN/dS=1). While this scenario would potentially fit our molecular 

evolution results (Table 1, Fig. S2), so would sub-functionalization, which we argue is more plausible 

(Fig. 8 B). In a sub-functionalization scenario, the ancestral C lineage alone controlled stamen and 

carpel identity, while the C and D lineage genes redundantly controlled ovule identity. This hypothetical 

multiplicity of function of the ancestral C lineage (control of stamen, carpel and ovule identity) may 

cause “adaptive conflict,” as mutations optimizing one function can be detrimental to other functions 

(62). When the ancestral C lineage gene duplicated into AG1 and AG2 (Fig 8, step 1), carpel and stamen 
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identity would have been under the control of both paralogs, while ovule identity would have been 

redundantly shared among at least three genes. The next step in this model would be the loss of the D 

lineage (Fig. 8, step 2) and the reduction to two ovule identity genes, AG1 and AG2. Subsequently, the 

two paralogs would have sub-functionalized to escape adaptive conflict, resulting in AG1 retaining 

stamen and carpel (and possibly ovule) identity functions, while AG2 became specialized for ovule 

identity (Fig 8, step 3).  

This evolutionary path fits our molecular evolution evidence of positive selection in ThtAG2. It 

is also possible that the ancestral D lineage played a unique role in ovule development, which the C 

lineage took over, in a neo-functionalization event that preceded the AG1/AG2 split in Ranunculales. 

This scenario could explain the frequent loss of either the D lineage or one of the C lineage paralogs that 

occurs among the Ranunculid families (Fig. 8). Taken together, given current data, we conclude that 

sub-functionalization is an accurate description of the functional divergence of the ThtAG2 paralog, 

either on its own or following a neo-functionalization event.  

  

Diverse forms of sub-functionalization are present among Ranunculid C lineage duplicates  

Although there are no additional functional studies of AG orthologs in Ranunculaceae, we can 

draw comparisons from evidence in the closely related Papaveraceae (within the order Ranunculales). In 

Eschscholzia californica, EScaAG1 and EScaAG2 represent a genus-specific duplication that occurred 

an estimated 51 mya. Down-regulation of these paralogs by VIGS demonstrated that they are 

redundantly necessary for stamen and carpel identity, and meristem determinacy (63). In Papaver 

somniferum, two AG homologs that are the product of alternative splicing are highly expressed in 

stamens and carpels and appear to be partially sub-functionalized. One of the copies is responsible for 

stamen and carpel identity and floral meristem determinacy; the other is partially redundant in these 
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functions, while also having a distinct role in carpel development (64). Therefore, although the above 

examples are similar to that of ThtAG1/ThtAG2 in having sub-functionalized, they differ both in the 

pattern of gene duplication and in the function of their protein products. While it appears likely that 

RanAG1 and RanAG2 are present among most genera within Ranunculaceae, additional functional 

studies will be needed to infer the ancestral condition for the family and to ascertain whether sub-

functionalization (and a shift to ovule identity) has occurred more than once. The Ranunculus RascAG 

gene would be a particularly interesting candidate for functional studies, given that our molecular 

evolution analysis suggests that it is the only other Ranunculales C lineage gene under positive selection 

(Fig. S1).       

 

Down-regulation of ThtAG2 suggests a function in ovule-identity  

We show that down-regulation of ThtAG2 results in homeotic conversion of ovules into chimeric 

carpel-like structures (Fig. 5). While a carpel marker gene would have allowed us to ascertain carpel 

identity of the homeotic organ at the molecular level, the marker that has been used in other species, 

CRABSCLAW (CRC) (18,65), is not carpel-specific in Ranunculids that are more closely related to our 

study system (66,67). Nevertheless, we find that several features of morphological resemblance of the 

homeotic organs to carpels (compare Fig. 5 G-L to C, D), in combination with verification that ThtAG2 

was down-regulated (Fig. 6), is highly suggestive that this is an ovule-identity gene. Without properly 

forming ovules, we predicted that seeds would not mature and carpels would atrophy. Indeed, 

photobleached carpels failed to mature into fruits (Fig. 5 N).  

An unexpected side effect of the down-regulation of ThtAG2 by VIGS was the apparent 

concurrent down-regulation of ThtAG1 in a subset of the samples (4/9, Fig. 6). It is unlikely that ThtAG1 

was silenced by the ThtAG2 construct due to low levels of homology between the two genes, especially 
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within the fragment chosen for the VIGS construct. The sequence used for VIGS shares 44.5% identity 

between ThtAG1 and ThtAG2, with no stretches of contiguous homologous nucleotides greater than 

sixteen throughout its length. The lower size limit for post transcriptional gene silencing in plants is 

twenty-three nucleotides (68). The alternative explanation for lowered levels of ThtAG1 is that ThtAG2 

may promote expression of ThtAG1. For two of the flower samples (2a and 1b), expression levels of 

ThtAG1 were actually lower than the average down-regulation seen in ThtAG1 VIGS-treated flowers in 

a previous study, where floral phentoypes were comparable to a total loss of AG function (double 

flowers without stamens nor carpels) (Fig. S5, flowers 2a and 2b) (23). One of those samples, had fewer 

organs overall and an abnormal floral meristem that seemed to have terminated early, producing only 

five carpels and leaving undifferentiated tissue in the flower center (Fig S4, flower 1b). We hypothesize 

that silencing of ThtAG2 would have indirectly caused a reduction in ThtAG1 expression late in 

development and that we are therefore seeing the late effects of ThtAG1 (termination of floral meristem) 

and not the early effects (establishment of stamen and carpel identity) that would have resulted in double 

flowers. The next lowest expression of ThtAG1 was a 5.5-fold decrease, and the morphology of this 

flower looked comparable to untreated controls (Fig S4, flower 2a). Ultimately, we regarded this 

indirect down-regulation of ThtAG1 as non-significant, since it did not affect carpel and stamen identity. 

Given that ovules show abnormal phenotypes in ThtAG2 knock-down experiments, redundancy 

between ThtAG1 and ThtAG2 in ovule development can be ruled out (Fig. 4 B). Nevertheless, ThtAG1 is 

expressed in ovules (Fig. 3), suggesting it may have a distinct function from ThtAG2 in ovule 

development or, alternatively, that ovule expression is vestigial. While we have shown that ThtAG2 is 

necessary for ovule identity, it is not possible to disprove, with current data, that ThtAG2 could have a 

redundant early role with ThtAG1 in carpel and stamen identity. ThtAG2 is not expressed in fully 

developed young stamens, prior to anther dehiscence (Fig. 3 I), nor at earlier stages of development by 
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in situ hybridization (Fig.3 B, E), yet we cannot rule out expression when stamen and carpel primordia 

are beginning to develop. Early expression of ThdAG2 is not present in T. dioicum stamen and carpel 

primordia (24), yet we have shown that this ortholog is highly divergent within the genus and therefore 

direct comparisons of these two genes may not be fully informative.  

That down-regulation of ThtAG2 does not cause changes in morphology to the stamens or 

carpels may be interpreted as redundancy with ThtAG1 in conferring the identity of these organs. Down-

regulation of ThtAG1 causes a full conversion of carpels (and stamens) into sepals (23), and ThtAG2 

expression is absent from these flowers (data not shown). This may be simply due to the physical 

absence of carpels within which ovules would normally develop, however, it could also signify that 

ThtAG1 is an upstream initiator of ThtAG2. Analysis of protein-protein interactions suggests that 

ThtAG1 and ThtAG2 do not interact directly, since they do not dimerize (Fig.7). It should be noted, 

however, that in A. thaliana C and D lineage genes that do not form dimers in yeast-two hybrid assays 

are still able to form multimeric protein complexes when SEP proteins are added (50). Since ThtAG2 

does interact with ThtSEP3 in our yeast two hybrid experiments, we cannot rule out a redundant role of 

ThtAG2 early in carpel and stamen identity with current evidence. Under this alternative scenario, 

ThtAG1 would be required to initiate ThtAG2 in carpel (and possibly stamen) primordia, after which 

both genes would redundantly promote C class function.  This scenario is consistent with our data and 

with the fact that MADS-box genes are known to have complex auto and cross-regulatory interactions 

(60,59).  

 

Expression patterns vary among paralogs and between species of Thalictrum 

T. thalictroides ThtAG1 is expressed in all reproductive organs (stamens, carpels and ovules) 

(Fig. 3), and exhibits the canonical C class function; its down-regulation results in homeotic conversion 
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of carpels and stamens into perianth organs and floral indeterminacy (23). In a previous analysis, the 

expression of T. dioicum ThdAG2 was shown to occur late in flower development and to be spatially 

limited to ovules (24). In T. thalictroides, we find that even though ThtAG2 is expressed in carpels and 

ovules (Fig. 2), its down regulation does not affect carpel development (Fig. 5 A). 

It is possible that the difference in expression patterns between AG2 orthologs in T. dioicum and 

T. thalictroides is related to their divergent sequences. ThdAG2 is lacking most of the AG Motif I (Fig. 

2) and this could potentially cause a change in protein-protein interactions required for self-regulation 

(40). Inclusion of AG2 orthologs from three additional species and phylogenetic considerations (33) 

suggest that ThtAG2 is representative of the ancestral ortholog and ThdAG2 is a divergent ortholog, 

present in either just this species or a small clade containing it. Additional studies on AG2 orthologs and 

their protein-binding partners in other Thalictrum species would be needed to determine the potential 

role in the expression and function of AG2 orthologs across the genus. The integument-specific 

expression of both ThtAG1 and ThtAG2 in buds (Fig. 3 D, G) is intriguing, given that down-regulation 

of ThtAG2 seems to affect the nucellus and embryo sac and that no abnormalities were found in the 

integuments. This result could be an effect of lack of co-localization of the mRNA and its protein 

product or the result of analyzing flowers after ovule development has initiated. 

 

Conclusions 

In spite of ovules being undoubtedly crucial organs in plants that reproduce through seeds, 

functional studies determining the genetic control of ovule identity are rare. Our study presents a novel 

example of a C lineage gene that has acquired an exclusive function in ovule identity. Analyzing the 

ways in which floral transcription factors, such as these AG orthologs, have evolved following 

duplication can ultimately help to determine their potential role in angiosperm diversification.  
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Figure Captions 

Figure 1: Thalictrum thalictroides AGAMOUS duplicates belong within the C lineage of floral 

organ identity genes. Bayesian Analysis of the AGAMOUS Subfamily, with expanded sampling of non-

core eudicots. Branches with significant posterior probabilities (≥ 0.95) indicated in bold. C and D 

lineages and the order Ranunculales are shown with brackets. Ranunculaceae AG (RanAG1 and 

RanAG2) indicated in green and Thalictrum thalictroides AG1 and AG2 indicated with red arrows. 

Eupteleaceae genes in blue, Lardizabalaceae in magenta, Berberidaceae in red and Papaveraceae in 

orange. A star shows the duplication event leading to AG1 and AG2 in the Ranunculales.  

 

Figure 2: Predicted amino acid alignment of C terminal regions for selected C and D lineage 

proteins. Sequences arranged phylogenetically, with core eudicots at the top followed by non-core 

eudicots. All non-core eudicot sequences present in the phylogeny are included in the alignment. Two 

highly conserved regions, AG Motif I and AG Motif II (15) are indicated by bars at the top. Residues 

that show 50% chemical conservation are highlighted in black. Residues that show 50% chemical 

similarity to the consensus residue are highlighted in gray. See Fig. 1 for family color scheme. Arrows 

show the proteins in this study:  Thalictrum thalictroides AG1 and AG2. 

 

Figure 3: Expression levels of two C class genes in T. thalictroides flowers at two different 

developmental stages.  

A. Young bud dissected from dormant tuber eye representative of the stage at which in situ 

hybridization was performed. Scale bar = 1mm. B D. ThtAG1 antisense showing expression in carpels 

and ovules. B. Whole flower. C. Carpel detail. D. Ovule sections with differentiated integuments. E   G 

ThtAG2 antisense showing expression in carpels and ovules. E. Whole flower. F. Carpel detail. H. Ovule 
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sections with differentiated integuments. For sense controls, see Supplemental Figure S2.  Scale bar = 

100 µm. H. Young open flower representative of the stage at which quantitative Real-Time PCR (qPCR) 

was performed. Scale bar = 1mm. I. Relative expression levels of Thalictrum thalictroides AGAMOUS 1 

(ThtAG1, white bars) and ThtAG2 (gray bars) in dissected sepals, stamens, carpels and ovules (n=6 

flowers, 3 plants) by qPCR. Expression calculated using the 2-ΔΔCt method, normalized to ThtACTIN and 

Elongation Factor 1α (ThtEF1α). Mean and standard error bars shown. se = sepal, st = stamen, ca = 

carpel, i = integument, nu = nucellus, ov = ovule, pl = placenta. 

 

Figure 4: Ovule ontogeny in wild-type Thalictrum thalictroides.  

A  E: Five floral developmental stages, from bud to mature flower. Se = sepal; St= stamen; Ca = carpel; 

Fi = filament; An = anther. Scale bar = 1 mm. F- J:  Confocal images of developing ovules. oi = outer 

integument, ii = inner integument, es = embryo sac, pn = polar nuclei, sn = secondary nucleus, ec = egg 

cell, cc = central cell, s = synergid cells, a = antipodal cells, h = hypostase. Scale bar = 100 µm. 

 

Figure 5: Floral phenotypes resulting from virus-induced gene silencing of ThtAG2 in Thalictrum 

thalictroides. 

A. Untreated T. thalictroides flower. B. TRV2-TtPDS-ThtAG2 VIGS-treated flower showing 

photobleached carpels and stamens, but otherwise normal morphology. Scale bar = 1mm.  

C. SEM image of developing ascidiate wild-type carpel, furrow indicated with arrowheads. D. Wild-

type carpel with style and stigma. E. Wild-type ovule with two integuments (outer and inner) and an 

embryo sac (with hypostase below), surrounded by nucellus. E   H. Ovules of flowers treated with 

TRV2-TtPDS-ThtAG2, showing increasing degree of phenotype strength. F. Abnormal ovule lacking an 

organized embryo sac and with protruding micropylar end emerging from the inner integuments. G-H. 
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Strong ovule phenotypes lacking embryo sac, with an increased hypostase and a protruding micropylar 

end elongated into a style-like structure. Scale bar = 100µm. I, K. Optical sections of TRV2-TtPDS-

ThtAG2 treated ovules, showing style-like protrusions. J, L. Three-dimensional reconstructions of the 

boxed areas in I, K. Furrow-like surfaces are indicated with arrows. M. Mature fruits (achenes) of an 

untreated flower. N. Partially or fully photobleached mature fruits and atrophied carpels from a plant 

treated with TRV2-TtPDS-ThtAG2. Scale bar = 1mm. O. Mature untreated fruit with pericarp partially 

removed, showing a normal seed inside. P. Longitudinal section through a similar fruit to show embryo. 

Scale bar = 1 mm/100 µm. Q-R. Confocal images of aborted ovules within atrophied carpels from 

VIGS-treated flowers that do not proceed to form a fruit. Scale bar = 100 µm. se = sepal, st = stamen, ca 

= carpel, oi = outer integument, ii = inner integument, es = embryo sac, nu = nucellus, h = hypostase, sg 

= stigma, st = style, ov = ovule, o = ovary, stl = style-like structure, a = achene, c = carpel (did not 

mature), se = seed, pe = pericarp, em = embryo, sc = seed coat, en = endosperm. 

 

Figure 6: Molecular validation of virus-induced gene silencing experiments. 

A. RT-PCR showing expression levels of ThtAG2 and ThtAG1 in individual flowers from plants treated 

with TRV2-TtPDS-ThtAG2 vs. empty TRV2 and untreated controls. Samples are labeled above each 

lane, corresponding to specific plant (number) and flower (letter). Flower morphology corresponding to 

each sample shown in the gel can be found in Fig. S4. ThtACTIN was used as a loading control. B. 

Quantification of RT-PCR gel bands in part A using ImageJ. Mean and standard error bars shown for 

each treatment (individual values can be found in Fig. S5). Asterisk indicates statistical significance in a 

one-way ANOVA followed by Tukey test (p<0.05), same letters indicate values being compared. 

Flowers targeted for ThtAG2 down-regulation by VIGS have a significantly lower average expression of 

ThtAG2, compared to controls. Average expression of ThtAG1 is not different between treatments.     
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Figure 7: Yeast two-hybrid analysis of C and E class protein interactions in Thalictrum 

thalictroides.  

Growth on Leu/Trp/His-free +AbA medium shown. Cells were spotted in 10-fold serial dilutions from 

left to right for each interaction. ThtAG1, ThtAG2 and ThtSEP3ΔC were expressed as fusion with the 

GAL4 activation domain (AD) and the GAL4 DNA binding domain (BD). 

 

Figure 8: Hypothetical reconstruction of the history of gene duplication and loss supporting sub-

functionalization of ThtAG1 and ThtAG2.  

A. Family-level phylogeny of the order Ranunculales. Presence (filled boxes) or absence (empty boxes) 

of AG1, AG2 and D lineage orthologs was determined from existing data as depicted in Fig. 1. Missing 

boxes indicate no data present. Gene loss events were chosen following the most parsimonious 

explanation. In this scenario the AG1 ortholog was lost once, the AG2 ortholog three times and the D 

lineage ortholog twice. B. Model for the evolution of C and D lineage genes in Thalictrum, beginning 

with a hypothetical common ancestor in the Ranunculales. Three major transitions are depicted, and 

their phylogenetic locations are also indicated in part A (1-3). 1. C lineage duplication at the base of the 

Ranunculales. 2. Loss of the D lineage ortholog in the common ancestor of Berberidaceae and 

Ranunculaceae. 3. Sub-functionalization of AG2 to ovule identity in Thalictrum. Colors of organs 

indicate function in identity (possibly, but not necessarily matching expression domains).     

 

Table 1: Amino acids exhibiting positive selection within ThtAG2.  

Residues of ThtAG2 under positive selection (ω>1) identified by Bayes Empirical Bayes (BEB) 

analysis, compared to the equivalent amino acid in ThtAG1. Regions and corresponding helices or 
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motifs are indicated, where applicable. The likelihood of positive selection is listed in the last column; 

the probability for position 284 is highly significant (**). Positive selection on these sites is shared with 

ThhAG2.  

 

Supplemental Materials 

Figure S1: Evidence of episodic selection on the Ranunculales AG phylogeny, by the Branch-Site 

REL method. Phylogeny constructed by Datamonkey, using a neighbor-joining method, scaled on the 

expected number of substitutions/nucleotide. Numbers represent individual nodes. Colors indicates 

strength of selection: red, ω > 5, blue, ω = 0 and grey, ω=1. The width of each color component 

represents the proportion of sites in the corresponding class. Thicker branches undergoing episodic 

diversifying selection by the sequential likelihood ratio test at corrected p ≤ 0.05. The Branch-Site REL 

method used here indicates positive selection on RascAG (p=0.02) and ThtAG2 (p=0.01). 

 

Figure S2: In Situ hybridization sense controls 

A C. ThtAG1 sense controls. A. Whole flower. B. Carpel detail. C. Ovule sections with differentiated 

integuments.  D  F. ThtAG2 sense controls. D. Whole flower. E. Carpel detail. F. Ovule sections with 

differentiated integuments. Scale bar = 100 µm. 

 

Figure S3: Comparison of surface cells from wild-type carpels, ovules and VIGS-treated carpel-

like organs. A. SEM of surface cells of wild-type carpel. B. SEM of surface cells of the outer 

integument of a wild-type ovule. C. Three-dimensional confocal reconstruction of surface cells of 

TRV2-TtPDS-ThtAG2 treated style-like protrusion. Scale bar = 10 µm. 
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Figure S4: Phenotype of TRV2-TtPDS-ThtAG2 treated flowers used for RT-PCR in Figure 6 and 

Figure S5. Plant (number) and flower (letter) indicated. Scale bar = 1mm. 

 

Figure S5: Visual quantification of ThtAG1 and ThtAG2 expression in individual flowers targeted 

for ThtAG2 gene silencing by VIGS. A. Quantification of ThtAG2 RT-PCR gel bands from Figure 6 

using ImageJ. B. Quantification of ThtAG1 RT-PCR gel bands from Figure 6 using ImageJ. 

 

Figure S6: Detection of tobacco rattle virus (TRV) transcripts in plants treated by virus-induced 

gene silencing. Expression analysis of plants treated with TRV2-TtPDS-ThtAG2 + TRV1, empty TRV2 

+ TRV1, and untreated controls by RT-PCR. TRV1 and TRV2 were detected in VIGS-treated and 

empty TRV2-treated samples. Empty TRV2 generates a 390 bp band, while TRV2 containing the 

ThtAG2 and TtPDS inserts generates a 1244 bp band. Approximate size of bands (in bp) indicated on the 

right. Plant numbers are labeled above each lane. 

 

Table S1: List of angiosperm sequences used in the AGAMOUS phylogeny. 

Species, family, gene name, accession number and relevant publication listed. 1KP project sequences 

are identified by the first letter of the genus, and first two letters of the specific epithet, followed by the 

scaffold identification number.  

 

Table S2: List of primers used in cloning and expression analyses. 

Purpose, name and sequence of primers used in this study.  
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Table 1 

  

 Amino Acid    

Position ThtAG1 ThtAG2 
Domain 

(MIKC) 
Feature 

Probability 

of ω>1 

145 L - hydrophobic T - polar K Helix 2 0.859 

197 F - hydrophobic H - polar C - 0.867 

198 D - charged S - polar C AG Motif 1 0.856 

203 M - polar F - hydrophobic C AG Motif 1 0.607 

211 N - polar K - charged C - 0.998** 
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Figure S1 
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5 
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Figure S6 
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Table S1 

 

 

 

 

 

 

Species Family Locus 
GenBank 

Accession 
Reference 

Akebia trifoliata Lardizabalaceae AktAG1 AY627635 Liu et al. 2010 

  AktAG2 AY627629 Liu et al. 2010 

     

Eupetelia pleiosperma Eupteleaceae EUplAG1 GU357452 Liu et al. 2010 

  EUplAG2 GU357453 Liu et al. 2010 

     

Pachysandra terminalis Buxaceae PAteAG GU357456 Liu et al. 2010 

     

Sinofranchetia chinensis Lardizabalaceae SIchAG JQ806398 Hu et al. 2012 

     

Holboellia grandiflora Lardizabalaceae HOgrAG1 JQ806406 Hu et al. 2012 

  HOgrAG2 JQ806407 Hu et al. 2012 

     

Decaisnea insignis Lardizabalaceae DEinAG JQ806403 Hu et al. 2012 

     

Ranunculus scleratus Ranunculaceae RascAG AB473879 Unpublished 

     

Thalictrum thalictroides Ranunculaceae ThtAG1 JN887118 Galimba et al. 2012 

  ThtAG2 KM656465 This Paper 

     

Thalictrum hernandezeii Ranunculaceae ThhAG2  This Paper 

     

Papaver somniferum Papaveraceae PapsAG-1 GU123602 Hands et al. 2011 

  PapsAG-2 GU123603 Hands et al. 2011 

     

Anemone hupenhensis Ranunculaceae Ahu2138307  1KP Project 

  Ahu2138876   

     

Hypecoum procumbens Papaveraceae Hpr2061804  1KP Project 

  Hpr2061825   

  Hpr2061825   

     

Sanguinaria canadensis Papaveraceae Sca2007933  1KP Project 

  Sca2009840   

     

Nandina domestica Berberidaceae Ndo2075401  1KP Project 

     

Hakea drupaceae Proteaceae Hdr2079901  1KP Project 
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Table S2 

 

Primer Purpose Name Sequence 

ThtAG2 cloning TdAG2_full_F 5’ CGA AGA AGA CTA CTC TCC CAC AAC 3’ 

 TdAG2_full_R 5’ TGA GCC TCC TAT TAA CTC TGC AAT C 3’ 

5’ RACE of ThdAG2 GSP1 5’ TAA CAC AGT TGG AGG ACA G 3’ 

 GSP2 5’ TTG CGT CTG AGC AGT ATT GGT TCG G 3’ 

VIGS cloning TthAG2_fwd_Xbal 5’ GCT CTA GAA GAG AAC AGA TAA CTG CAA AC 3’ 

 TthAG2_rev_BamH1 5’ ATG GAT CCC ACA TTA TCT GTT AAG  CCA TAT 3’ 

Molecular validation by 

RT-PCR 
TthAG2 RT for 5’ TAC TCT GCG AAG CCG AGA TTG C 3’ 

 TthAG2 RT rev 5’ GCA ATC TCG GCT TCG CAG AGT A 3’ 

Presence of TRV1 pTRV1_fwd 5’ CTT GAA GAA GAA GAC TTT CGA AGT CTC 3’ 

 pTRV1_rev 5’ GTA AAA TCA TTG ATA ACA ACA CAG ACA AAC 3’ 

Presence of TRV2 OYL195 5’ GGT CAA GGT ACG TAG TAG AG 3’ 

 OYL198 5’ CGA GAA TGT CAA TCT CGT AGG 3’ 

Y2H cloning ThtAG1 Primers 5’ TAG CGC GAA TT CAT GGG AAG GGG AAA GAT TGA AA 3’ 

  5’ AAT CGC GGA TCC CAA AAG CTT TCA CAG AAT ATC ACC 3’ 

 ThtAG1 Primers 5’ AGT GTA GAA TTC AGC CAT GGG AAG GGG AAA GAT TGA A 3’ 

  5’ ACT GCA GTC GAC CAC AGA ATA TCA CCC AAG TTG 3’ 

 ThtAG2 Primers 5’ CAC GCG GAA TTC ATG GGA AGA GGA AAG ATT GAA ATC 3’ 

  5’ CGT TAG GGA TCC CTA AGT AGT TAT TAG GCA AGT TCT AC 3’ 

 ThtSEP3 Primers 5’ CCT AGT GAA TTC ATG GGA AGA GGA AGA GTT GAG T 3’ 

  5’ AAG CTT GGA TCC GTC GAC TTA ATT TGG TTG GCT ACC TTC CTC 3’ 

Expression by qPCR TthAG1-fwD  qPCR 5’ AGT CTC TCA GCA ATC TCA ATA TCA GGG 3’ 

 TthAG1-rev-qPCR 5’ GCC CTG AGA TAC TTG TTA TCA GTC TGC 3’ 

 TthAG2 qPCR for 5’ TAT CTC AGA GAA CAG ATA ACT GCA AAC 3’ 

 TthAG2 qPCR rev 5’ AGT AAG TTA ACA CAG TTG GAG GAC AGT 3’ 

In Situs TthAG1ISFor2 5' AAT TAA CCC TCA CTA AAG GGA GCA GAA GAG GGA AAT AGA CTT 3' 

 TthAG1ISRev3 5' TAA TAC GAC TCA CTA TAG GGT TAT CTA ACC AGA CAA AAT GCC 3' 

 TthAG2ISFor2 5' AAT TAA CCC TCA CTA AAG GGA TTG GCC GAG ATC GAG TAT ATG 3' 

 TthAG2ISRev3 5' TAA TAC GAC TCA CTA TAG GGT TTG ATA GAA AGT CTT ACT TCA 3' 
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Gene duplication and neo-functionalization in the APETALA3 lineage of floral organ identity 

genes  

 

Kelsey D. Galimba, Jesús Martínez-Gómez, Verónica S. Di Stilio 

 

Introduction 

The ABCE model of flower development predicts how combinations of classes of transcription 

factors determine floral organ identity. A class genes specify sepals; A and B class, petals; B and C 

class, stamens; and C class, carpels and floral meristem determinacy (1–3). The E class was discovered 

later as a group of proteins that interact with the ABC proteins in all floral organs to form the DNA 

binding tetramers necessary for full functionality (4–6). Duplications in these floral organ identity genes 

have been proposed as drivers for the speciation of the angiosperms (7)   

In the model angiosperm Arabidopsis thaliana, the B class consists of two genes, APETALA3 

(AP3) and PISTILLATA (PI). Both are necessary, in combination with the E class genes SEPALLATA1-4 

(SEP1-4), for petal and stamen identity in the second and third whorls (6,8). When B class function is 

lost, stamen and petal primordia are homeotically converted into carpels and sepals, respectively. This 

function is highly conserved throughout the angiosperm phylogeny, occurring in core and non-core 

eudicots as well as monocots (9–11). Even so, there are numerous examples of B class genes being 

expressed in other plant organs (e.g. root nodules), suggesting that they may have adopted novel roles in 

a number of lineages (11). 
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After an ancient duplication leading to the AP3 and PI lineages, and before the diversification of 

the order Ranunculales, two duplication events led to three paralogous lineages of AP3: AP3-I, AP3-II 

and AP3-III (Fig. 1A). Thalictrum thalictroides (Ranunculaceae) is a member of the Ranunculid lineage 

that is sister to all other eudicots (12,13). This species has one PI (ThtPI) and three AP3 orthologs 

(ThtAP3-1, ThtAP3-2a and ThtAP3-2b) (14,15). ThtAP3-1 belongs to the AP3-I clade, while ThtAP3-2a 

and ThtAP3-2b belong to the AP3-II clade and are products of a more recent duplication that likely 

occurred in the common ancestor of Thalictrum and Aquilegia (16). ThtAP3-2a has a premature stop 

codon, causing a truncation of the protein affecting conserved C terminal motifs: half of the “PI motif-

derived” and all of the “PaleoAP3” motif are missing in this gene (Fig. 1B) (15). The three proteins 

share a 45% identity, while ThtAP3-2a and ThtAP3-2b share a 76% identity, at the amino acid level. No 

AP3-III paralog has been identified so far in the genus Thalictrum, either by PCR (15,17), or, more 

recently, by our BLAST search of available transcriptomes of T. thalictroides and T. hernandezii (1KP 

and BGI, 2015) or a draft genome of T. thalictroides (BGI, 2015). Functional studies of the Aquilegia 

AP3-III ortholog show sub-functionalization of this gene to petal identity (16), and this function appears 

to be conserved throughout the order (16,17). The lack of an AP3-III ortholog in Thalictrum correlates 

with the absence of petals in this genus.  

Although T. thalictroides lacks petals from the onset of floral meristem initiation, its sepals have 

a number of features typically associated with petals; they are white or pink (instead of photosynthetic 

and green), relatively large (longer than stamens and broad), and they contain papillate cells in the upper 

epidermis (18). In addition to having morphological traits typically associated with petals, T. 

thalictroides sepals express all B class genes (15). Down-regulation of ThtPI results in the complete 

homeotic conversion of stamens into carpels, and does not change the morphology of sepals, except for 

causing a small amount of green streaking (19). Petals may be interpreted as adaptive structures that 
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attract biotic pollinators and this function has been transferred to other organ types multiple times during 

angiosperm evolution (20). In fact in the Ranunculaceae, petal loss has evolved independently multiple 

times (17). In a number of distantly-related species, including Aristolochia (21), ectopic expression of B 

class genes has been proposed as causative of ectopic petaloidy. In the ranunculid Aquilegia, the 

AqAP3s are not involved in sepal identity or papillate epidermal cells, although their role in other 

petaloid characteristics such as color cannot be discarded (16,22) 

The goal of this study was to conduct a functional analysis of the three AP3 orthologs in T. 

thalictroides, a ranunculid with representatives of the paleoAP3 lineage of B class genes. We aimed to 

determine the degree of redundancy vs. divergence amongst these paralogs, while comparing their role 

to that of euAP3 lineage B class genes. Finally, we wanted to investigate whether one or more of these 

loci are involved in ectopic petaloidy of sepals of the insect pollinated species T. thalictroides. We 

addressed these questions by characterizing gene function through targeted gene silencing, and by 

testing protein-protein interactions by yeast-two hybrid analyses. Our results illustrate partial 

redundancy of the ThtAP3s, with deep conservation of B class function in stamen identity, as well as a 

novel role in ectopic petaloidy. 

 

Materials and Methods 

Plant Materials 

T. thalictroides bare root plants were purchased from nurseries and grown in the University of 

Washington (UW) Greenhouse under ambient conditions from mid-February through mid-May. A 

voucher specimen for this species had been previously deposited at the UW Herbarium (WTU 376542). 
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Viral Induced Gene Silencing (VIGS) 

Two constructs of different lengths were used to silence each gene individually; longer 

constructs were used due to evidence from a similar, concurrent experiment that short constructs were 

not sufficiently down-regulating gene expression. The shorter TRV2-ThtAP3-1 construct was prepared 

using a 342 bp fragment comprising the C terminal region (195 bp) and 3’UTR (147 bp) of ThtAP3-1, 

while the longer ThtAP3-1 construct consisted of a 429 bp fragment, comprising an extra 87 bp of the C 

terminal region. The short TRV2-ThtAP3-2a construct consisted of a 216 bp fragment comprising the C 

terminal region (16 bp) and 3’UTR (200 bp) of ThtAP3-2a, while a longer ThtAP3-2a construct (427 bp) 

included an extra 211 bp of the C terminal region. The short TRV2-ThtAP3-2b (224 bp) comprised the C 

terminal region (69 bp) and 3’UTR (155 bp), while the longer version (408 bp) contained an extra 184 

bp of the C terminal region. No regions selected for silencing had more than thirteen continuous 

homologous base pairs in common with other genes. All ThtAP3 fragments were amplified by PCR from 

a representative clone using primers with added BamHI and KpnI restriction sites (Table S1), followed 

by digestion, sticky end ligation to linearized TRV2 and transformed into Agrobacterium tumefaciens 

strain GV3101. A double construct consisting of the concatenated fragments of the short versions of 

ThtAP3-2a and ThtAP3-2b and a triple construct consisting of short version for all three ThtAP3s were 

similarly prepared.  

A total of sixty T. thalictroides tubers that had been kept in soil in the dark at 4°C for 8 weeks, 

were treated with each construct as described previously (23,24). Briefly, a small incision was cut in the 

tubers near the bud using a clean razor blade, they were then submerged in infiltration medium 

containing appropriate Agrobacterium cultures (TRV1 and one of the TRV2 constructs), and infiltrated 

in a chamber under full vacuum (−100 kPa) for 10 min. Fifty plants were infiltrated with empty TRV2 

vector (mock-treated control, to detect background viral effects). All plants were transferred to the 



 

 

112 
 

greenhouse following infiltration and were grown together with forty untreated plants under equal 

conditions.  Leaves and flowers arose approximately two weeks later. Flowers from all treatments were 

observed under a Nikon SMZ800 dissecting scope, twenty seven flowers were photographed using a Q-

Imaging MicroPublisher 3.3 digital camera or a Canon PowerShot SD890 IS digital camera and flash-

frozen for RNA processing. Three mock-treated flowers and six untreated flowers were similarly 

processed as controls. 

 

Molecular Validation of VIGS Lines 

Young open flowers were processed to determine presence of TRV1 and TRV2 constructs, and 

expression levels of B class genes. Total RNA was extracted using TRIzol (Invitrogen, Life 

Technologies, CA), following manufacturer instructions and subsequently DNased using amplification 

grade DNase (Invitrogen, Life Technologies, CA). First strand cDNA synthesis was carried out on 1 µg 

of total mRNA using iScript (Bio-Rad, CA), following manufacturer instructions, and diluted 2.5-fold 

for use in quantitative RT-PCR (qPCR).  

To test for the presence of the TRV1 and TRV2 viral RNA in treated plants, RT-PCR was 

carried out with GoTaq (Promega, WI) on 1μl of cDNA using TRV1- and TRV2-specific primers (Table 

S1) for 30 cycles at 51°C annealing temperature. Locus-specific primers, designed to amplify regions 

distinct from those used in the VIGS constructs, were used to test expression levels of ThtAP3-1, 

ThtAP3-2a, ThtAP3-2b and ThtPI by qPCR (Table S1). Each qPCR reaction contained 15µl iQ SYBR 

Green Supermix (Bio-Rad, CA), 12.2 µl H2O, 0.9 µl each of forward and reverse primer and 1µl of 

cDNA. Samples were amplified on an MJ Research Chromo4 Detector for 45 cycles, in triplicate, 

including a no-template control. Cycling conditions were: 94ºC for 10 minutes and 45 cycles of 94ºC for 

30 seconds, 53ºC for 30 seconds and 72ºC for 30 seconds. Relative expression was calculated using the 
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2-ΔΔCt method (25), and normalized against ThtACTIN and ThtEF1α (Elongation Factor 1α). Since B 

class gene expression levels between untreated (n=6) and TRV2-treated flowers (n=3) were not 

significantly different in an unpaired t test (p>0.05), both controls were combined for further analyses. 

Statistical significance of differences in gene expression was determined using one-way ANOVA among 

the four treatment groups (controls (n= 9) and VIGS of ThtAP3-1 (n=8), ThtAP3-2a (n=10) and ThtAP3-

2b (n=6)), followed by post-hoc Tukey Honest Significant Different (HSD) contrasts in JMP (SAS, NC). 

 

Yeast Two-Hybrid Assays 

cDNA sequences encoding proteins for ThtAP3-1, ThtAP3-2a. ThtAP3-2b were cloned into 

pGADT7 and pGBKT7 vectors using the In-Fusion HD cloning kit (Clontech, CA) and custom primes 

(Table S1).  Plasmid pGADT7 and pGBKT7 containing cDNA sequence for ThtSEP3ΔC was previously 

generated and kindly provided for this study by Rainer Melzer and Günter Theißen (23). ThtSEP3 ΔC  is 

a C terminal-deleted version of ThtSEP3 lacking the last 195 bp of the coding sequence, used previously 

to avoid auto activation (23,26).  

Yeast two-hybrid assays were carried out using Matchmaker Gold Yeast Two-Hybrid System 

(Clontech, CA). Cells were co-transformed and plated on Leu/Trp-free media to select for diploid 

colonies. Single colonies were serially diluted 10-fold to 1:10,000 in water and 5 μL of each dilution 

were plated on Leu/Trp/His-free media and Leu/Trp/His-free media supplemented with Aurebasidin A 

(AbA) to test for protein interaction, and on Leu/Trp-free media to control for yeast growth. Interactions 

were scored and photographed using a Canon PowerShot SD890 IS digital camera after 4 days of 

incubation at 28°C. 
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Results 

Quantification of ThtAP3 gene expression in untreated plants 

In order to determine expression levels of B class genes in wild-type flowers at the stage when 

VIGS-treated flowers are collected, we performed qPCR on six young open flowers from three plants 

(Fig. 3). ThtAP3-1 and ThtAP3-2a expression levels were statistically similar, and ThtAP3-2b expression 

was significantly higher than the other two (p < 0.01). ThtPI was expressed at the highest level of all B 

class genes (p ≤ 0.001).  

 

Targeted gene silencing of AP3 orthologs in T. thalictroides 

ThtAP3-1 VIGS 

In flowers treated with the ThtAP3-1 constructs (n=8) a significant down-regulation of ThtAP3-1 

was observed. On average, treated flowers exhibited a 3.8-fold decrease in ThtAP3-1 expression (p = 

0.02) (Fig. 5 A).  Expression levels of other B class genes in ThtAP3-1-treated flowers were statistically 

similar to controls (Fig 5 B - D). Flowers presented a variety of abnormal phenotypes, including small 

extra sepals in place of outer stamens (Fig. 2 B), narrow sepals (Fig. 2 C), small sepals with patches of 

green (photosynthetic) tissue (Fig. 2 F, H, I), and chimeric organs in place of outer stamens (Fig. 2 D - 

G) that were sepal-like, with a stigma or an anther sac on the distal tip (Fig. 2 E, G). In summary, the 

down-regulation of ThtAP3-1 altered petaloidy of the sepals, reducing their overall size, making them 

narrow and causing portions to become photosynthetic. Down-regulation of ThtAP3-1 also affected 

stamen identity, causing the development of either small sepals or chimeric organs in place of outer 

stamens.   
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ThtAP3-2a VIGS 

 Neither short nor long ThtAP3-2a constructs (n=10) succeeded in down-regulating ThtAP3-2a in 

any of the plants that were verified for the presence of TRV1 and TRV2 virus. Flowers treated with the 

ThtAP3-2a constructs showed, on average, a 2.3-fold increase in ThtAP3-2a expression, which was not 

statistically different from controls (p = 0.05) (Fig. 5 B), and also had on average, statistically higher 

levels (1.6-fold) of ThtAP3-1 expression than controls (p = 0.03) (Fig. 5 A). Flowers treated with 

ThtAP3-2a constructs presented abnormal phenotypes consisting of chimeric organs similar to those 

seen in flowers treated with ThtAP3-1 (Fig. 2 J, M), as well as lobed sepals (Fig. 2 J, K, L). In summary, 

treatment with ThtAP3-2a constructs did not succeed in down-regulating ThtAP3-2a, and resulted in 

unexpected up-regulation of ThtAP3-1.   

 

ThtAP3-2b VIGS 

Flowers treated with the longer ThtAP3-2b construct (n=6) showed, on average, 1.4-fold lower 

expression of ThtAP3-2b compared to controls (p = 0.62) (Fig. 5 C). All other B class gene expression 

levels were similar to controls (Fig. 5 A, B, D). These flowers showed small sepals in place of outer 

stamens (Fig. 2 N, O), green sections in sepals (Fig. 2 P, Q), lobed sepals (Fig. 2 P, Q), and chimeric 

organs (Fig. 2 R, S), similar to those seen in other treatments. ThtAP3-2b expression levels varied 

greatly among ThtAP3-2B treated flowers (Fig. 5 C), and flowers with green sections or chimeric organs 

(Fig. 2 P - S) had lower levels of ThtAP3-2b expression than those with extranumerary, small sepals 

(Fig. 2 N, O) or small amounts of sepal lobing. For example, flower 10.1 (Fig. 2 P) had 4.1-fold and 

flower 7.1 (Fig. 2 R) had 5.4-fold lower expression of ThtAP3-2b than controls (Fig. 4 H, I), while 
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flower 3.2 (Fig. 2 N) had the same amount of ThtAP3-2b expression (Fig. 4 G). Overall, when all 

phenotypes were considered together and averaged, it appears that we did not succeed in down-

regulating ThtAP3-2b to a significant level. However, upon closer inspection, individual flowers with 

defects in stamen identity (chimeric organs) or petaloidy of sepals (lobing or green sections) exhibited 

greater down-regulation of ThtAP3-2b than flowers with extra sepals or slight lobing. In summary, 

inspection of individual flowers reveals a correlation between the intensity of the phenotypes observed 

and the degree of down-regulation of ThtAP3-2b achieved by VIGS.   

 

ThtAP3s interact in novel ways at the protein level 

In order to test the interactions of the B class and E class proteins, we performed yeast two-

hybrid (Fig. 6). Our analyses revealed that both ThtAP3-1 and ThtAP3-2a could dimerize with the 

typical B class partner ThtPI. All three ThtAP3 proteins were also able to dimerize with each other: 

ThtAP3-1 interacted with ThtAP3-2a and ThtAP3-2b, ThtAP3-2ba interacted with ThtAP3-2b. ThtAP3-

1 alone was able to homodimerize, and all four B class genes, ThtAP3-1, ThtAP3-2a, ThtAP3-2b and 

ThtPI, were able to interact with the E class gene, ThtSEP3. Control transformations with empty vectors 

did not produce growth, ruling out autoactivation in any of the B or E class proteins analyzed .  

 

Discussion 

This study aimed to determine the function of three AP3 orthologs in T. thalictroides, asking 

whether they have remained redundant or have diverged in function and whether they are responsible for 

ectopic petaloidy of sepals. We addressed these questions by characterizing gene function through 

targeted gene silencing, and by testing protein-protein interactions by yeast-two hybrid analysis. We 
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achieved robust down-regulation of one paralog, ThtAP3-1 and intermittent down-regulation of ThtAP3-

2b, with a clear correlation to phenotypes affecting stamen and sepal development. In addition, all of the 

ThtAP3s were shown to interact with each other and with the E class gene ThtSEP3 at the protein level, 

providing a potential mechanism for ThtAP3 to function in novel ways. For these reasons, we conclude 

that both ThtAP3-1 and ThtAP3-2b function in stamen identity, and have also adopted a new role in 

ectopic petaloidy of sepals. Finally, we propose that the truncated gene ThtAP3-2a acts as a dominant 

negative, based on the combined results from VIGS (where other ThtAP3s were upregulated) and the 

positive interactions with the protein products of other B class genes. 

Due to data gathered from a similar, concurrent experiment, we had reason to believe that our 

shorter ThtAP3 constructs (216 - 342 bp) were not sufficiently down-regulating our target genes. For this 

reason, we designed longer constructs and repeated the VIGS experiment.  We found that indeed, longer 

constructs (408 - 429 bp) down-regulated the targeted genes more efficiently both for ThtAP3-1 and 

ThtAP3-2b. This was unexpected, given that a homologous length of 23 bp has been reported to be 

sufficient for silencing in other systems (27). Another unexpected result was the up-regulation of all B 

class genes, including ThtAP3-2a, in plants treated with both short and long ThtAP3-2a constructs, that 

resulted in sepal lobing and stamen chimeras. This result suggests that fixed ratios of ThtAP3 transcripts 

(and proteins) are necessary for the correct development of sepals and stamens(28). We hypothesize that 

ThtAP3-2a is actually non-functional, but is still important to stamen and sepal development because it 

acts in an inhibitory fashion, outcompeting the functional proteins ThtAP3-1 and ThtAP3-2b. Under this 

scenario, down-regulation of ThtAP3-2a at an early stage would cause an increased proportion the level 

of functional tetramers containing ThtAP3-1 or ThtAP3-2b, therefore promoting the expression of all 

four B class genes, since AP3 and PI maintain their own expression in a positive feedback loop (29,30). 

Additionally, VIGS-treated flowers often consist of a mix of silenced and non-silenced regions due to 
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the chimeric nature of the process, and we frequently observe only one to a few organs per flower with 

abnormal morphology. It is likely that due to our sampling technique (processing the entire flower for 

RNA), we are not able to detect gene down-regulation that may be occurring only in a small portion of 

the flower. Flowers were collected at a young, open stage, which was the earliest developmental stage at 

which the observation of all organs was possible. This necessary delay in collection may also be a 

potential reason for higher than expected gene expression levels in flowers treated by VIGS. AP3 

orthologs are expressed very early in flower development, in stamen and petal primordia where they 

confer organ identity, but they are also responsible for later developmental events, such as petal 

expansion in a number of species (reviewed in 31). 

Phenotypes resulting from VIGS could be organized into two broad categories: those affecting 

sepal morphology and those affecting stamen morphology. Abnormal sepal morphology occurred in 

flowers from all treatments.  Down-regulation of ThtAP3-1 was shown to cause reduction in size, 

narrowing and a greening of sepals, compared to wild type (Fig. 2 C - I). In TRV2-ThtAP3-2a treated 

flowers, which exhibited higher levels of all B class genes, we observed lobing of sepals (Fig 2. J, M). 

Down-regulation of ThtAP3-2b also affected sepal morphology and was shown to cause lobing and 

greening (Fig 2. P, Q). The second category of phenotypes affected stamen morphology, which again, 

was present in each treatment. In flowers down-regulated for ThtAP3-1, we observed stunted stamens 

and conversions of outer stamens to chimeric sepal-stamen or sepal-carpel like organs (Fig. 2 B, D-G). 

Down-regulation of ThtAP3-2b also affected stamen morphology, as indicated by the conversion of 

stamens to chimeric organs (Fig. 2 N-O, R-S). Flowers treated with TRV2-ThtAP3-2a had the 

unexpected up-regulation of the targeted gene and also showed conversion of stamens to chimeric 

organs, which may be explained by the timing of VIGS, RNA extraction techniques or protein ratios 

necessary for development (see above). The presence of different phenotypes between flowers treated 
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with the same construct (e.g. narrow sepals vs. small, greenish sepals in ThtAP3-1-treated flowers) could 

potentially be a result of different levels of development reached before silencing occurred. This 

phenomenon has been previously reported in T. thalictroides, as this species pre-forms flowers prior to 

emerging from the soil (23). 

Taken together, these phenotypes indicate that the ThtAP3 genes are involved in both stamen 

identity and the ectopic petaloidy of sepals. However, down-regulation of the ThtAP3 paralogs 

individually does not result in complete homeotic conversion of stamens into carpels or a complete loss 

of petaloidy. This is unlike ThtPI, which causes the complete loss of stamen identity and a full 

conversion of stamens into carpels when down-regulated (19). This apparent incomplete conversion 

could be attributed to partial redundancy among the three genes, or possibly only among ThtAP3-1 and 

ThtAP3-2b, which is supported by the presence of similar phenotypes in all treatments. We therefore 

suggest that these paralogs together exhibit a conserved, ancestral role in stamen development, but have 

also taken on a new role in sepal petaloidy. This is unlike the closely related species, Aquilegia, in which 

three AqAP3 paralogs have clearly sub- and neo-functionalized. Aquilegia has three AP3 paralogs, 

AqAP3-1, AqAP3-2 and AqAP3-3 in the I, II and III clades, respectively (Fig. 1A). AqAP3-3 is 

responsible for petal identity (16) and AqAP3-2 is responsible for stamen identity, representing a sub-

functionalization of the canonical B class functions (32). AqAP3-1 is involved in the identity of the 

staminodia, a novel sterile organ type located between the second and third whorls and likely evolved 

from stamens (32). Further studies in T. thalictroides will concentrate on silencing the ThtAP3s with 

double (ThtAP3-1+ThtAP3-2b) and triple (ThtAP3-1+ ThtAP3-2a+ThtAP3-2b) constructs, to determine 

whether they are indeed redundant.  

Our yeast two-hybrid assays indicate that the ThtAP3s form novel protein-protein interactions. 

EuAP3 and most paleoAP3 proteins from core eudicots and monocots do not homodimerize and have 
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been shown to obligately interact with PI in order to function. (33–37). However, AP3 and PI orthologs 

from early-diverging angiosperms both homo- and heterodimerize with each other, and are also able to 

weakly interact with other floral MADS-box genes (38). While the ability to heterodimerize has been 

maintained throughout angiosperm evolution, B class protein homodimerization is much less conserved. 

AP3 homodimerization was probably lost very early in angiosperm evolution (before the eudicot-

monocot split), while PI homodimerization was likely lost later during evolution, but before the 

diversification of the eudicots (38). Protein products of AP3 orthologs in Aquilegia (AqvAP3-2 and 

AqvAP3-3) have been shown to homodimerize, yet the three AqvAP3 paralogs do not dimerize with each 

other (39). In Thalictrum, we have shown that ThtAP3-1 is able to homodimerize, and additionally, all 

three ThtAP3 proteins are able to interact with each other. All four B class gene products can also 

interact with ThtSEP3. Taken together, our results suggest that the ThtAP3s could potentially be 

forming protein tetramers that consist of only ThtAP3s and E class genes. This hypothetical tetramer 

would differ from the SEP3-SEP3/AP3-PI that has been shown to form preferentially over other B 

class/E class combinations in Arabidopsis (40). We therefore propose that these distinctive protein 

interactions may provide a mechanism for the novel functionality of the ThtAP3s. 

 

Conclusions 

Although gene duplication has long been recognized as an important contributor to the evolution 

of biological complexity (41,42), functional studies showing the fates of duplicated developmental genes 

are still limited. Here, we analyze the function of duplicated AP3 orthologs and find that they show deep 

conservation of the stamen-identity role, and also have a novel role in ectopic petaloidy. We also find 

that they appear to have remained at least partially redundant in both of these functions. Analyses such 
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as this can ultimately help to determine the potential role of duplicated floral organ identity genes in 

angiosperm diversification.  
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Figure Captions 

Figure 1. Simplified B class gene phylogeny illustrating the relationship of Thalictrum thalictroides 

loci to the broader history of duplications within this gene lineage. A. An ancient duplication within 

angiosperms lead to the AP3 and PI lineages (black star), the latter with one representative from T. 

thalictroides (ThtPI). In the core eudicots, a more recent duplication led to the euAP3 and TM6 lineages 

(white star). In the paleoAP3 lineage, two Ranunculales-wide duplication events (red stars) led to the 

three paralogous clades AP3-I (including ThtAP3-1), AP3-II and AP3-III. A more recent wide 

duplication led to two T. thalictroides genes in the AP3-II clade: ThtAP3-2a and ThtAP3-2b. No AP3-III 

genes have been recovered from Thalictrum. T. thalictroides gene names are indicated with red text. 

Simplified phylogeny modified from (16,22). B. Simplified schematic of the three ThtAP3 protein 

products, showing MIKC regions. ThtAP3-2a is truncated by an early stop codon, which results in the 

loss of the PaleoAP3 motif and a portion of the PI motif (15). 

 

Figure 2. Phenotypes resulting from treatment with ThAP3-1, ThtAP3-2a and ThtAP3-2b VIGS 

constructs. A. Untreated T. thalictroides flower. B - I. Flowers treated with ThtAP3-1 constructs. B. 

Flower treated with short ThtAP3-1 construct. Arrow indicates sepal in place of outer stamen. C. Flower 

treated with long ThtAP3-1 construct, with narrow sepals. D. Flower treated with long ThtAP3-1 

construct, with chimeric organ in place of outer stamen boxed. E. Detail of sepal-stamen chimera in D, 

indicated with arrow. F. Flower treated with long ThtAP3-1 construct, with small, curved sepals and 

chimeric organ in place of outer stamen boxed. G. Detail of sepal-carpel chimera in F, stigma indicated 

with arrow. H. Flower treated with long ThtAP3-1 construct, with small, curved, greenish sepals. I. 

Detail of sepal in H, showing small green section on distal tip. J-M. Flowers treated with ThtAP3-2a 

constructs. J. Flower treated with short ThtAP3-2a construct, with lobed sepal indicated with arrow and 
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chimeric organ in place of outer stamen boxed. K. Detail of sepal-carpel chimera in J, with stigma 

indicated by arrow. L. Flower treated with long ThtAP3-2a construct, with chimeric organ in place of 

outer stamen, indicated by arrow. M. Flower treated with long ThtAP3-2a construct, with lobed sepal 

indicated by arrow. N – S. Flowers treated with ThtAP3-2b constructs. N. Flower treated with short 

ThtAP3-2b construct, with sepal in place of outer stamen boxed. O. Detail of extra sepal in N. P. Flower 

treated with long ThtAP3-2b construct, with lobed sepal green sepal, boxed. Q. Detail of lobed green 

sepal in P. R. Flower treated with long ThtAP3-2b construct, with chimeric organ in place of outer 

stamen boxed. S. Detail of sepal-stamen chimera in R. S = short construct, L = long construct. Numbers 

indicate plant number followed by flower number. Scale bar = 1mm. 

 

Figure 3. Quantification of B class gene expression in untreated plants. Quantitative RT-PCR 

(qPCR) showing relative average expression levels of ThtAP3-1, ThtAP3-2a, ThtAP3-2b, and ThtP1 in 

untreated young, open T. thalictroides flowers (n = 6). Expression calculated using the 2-ΔΔCt method, 

normalized to ThtACTIN and Elongation Factor 1α (ThtEF1α). Mean and standard error bars shown.  

ThtAP3-2b expression is significantly higher than ThtAP3-1 and ThtAP3-2a (p < 0.01). ThtPI expression 

is significantly higher than each of the ThtAP3s (p ≤ 0.001). Letters indicate statistical significance in a 

one-way ANOVA followed by Tukey test (p < 0.01), same letters indicate no statistical difference. 

 

Figure 4. Molecular validation of individual T. thalictroides flowers treated with ThAP3-1, 

ThtAP3-2a and ThtAP3-2b VIGS constructs. A. Relative average expression levels of ThtAP3-1, 

ThtAP3-2a, ThtAP3-2b, and ThtP1 in untreated young, open T. thalictroides flowers (n = 6), as shown in 

Fig. 3. Mean and standard error bars shown. B - I. Relative average expression levels in VIGS-treated 

flowers from Fig. 2. B - D. ThtAP3-1-treated flowers, showing decreasing levels of ThtAP3-1, indicated 
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by red arrows. E - F. ThtAP3-2A treated flowers from Fig. 2, showing elevated levels of ThtAP3-2a, 

indicated by red arrows. G - H. ThtAP3-2B treated flowers from Fig. 2, showing decreasing levels of 

ThtAP3-2b, indicated by red arrows. Expression calculated using the 2-ΔΔCt method, normalized to 

ThtACTIN and Elongation Factor 1α (ThtEF1α). 

 

Figure 5. Average molecular validation of T. thalictroides flowers treated with ThAP3-1, ThtAP3-

2a and ThtAP3-2b VIGS constructs. Quantitative RT-PCR (qPCR) showing relative average 

expression levels of ThtAP3-1, ThtAP3-2a, ThtAP3-2b, and ThtP1 in each of four VIGS treatments: 

Controls (untreated n=6 plus TRV2-empty n=3), ThtAP3-1 long construct (n=6), ThtAP3-2a long 

construct (n=6) and ThtAP3-2b long construct (n=6), normalized with the housekeeping genes 

ThtACTIN and ThtEEF1. Mean and SE are shown; different letters indicate a significant differences in a 

one-way ANOVA with Tukey contrasts (p ≤ 0.05). A. The expression of ThtAP3-1 is significantly lower 

in ThtAP3-1-treated flowers than controls (p ≤ 0.05). B. The expression of ThtAP3-2a is significantly 

higher in ThtAP3-2A treated flowers than controls (p ≤ 0.05). C. The expression of ThtAP3-2b is not 

statistically different than controls in ThtAP3-2B treated flowers. The expression of ThtAP3-2b is 

significantly higher in ThtAP3-2A treated flowers than other treatments (p ≤ 0.05), but not controls. D. 

Levels of ThtPI are statistically similar among treatments. Letters indicate statistical significance in a 

one-way ANOVA followed by Tukey test (p<0.05), same letters indicate no statistical difference. 

 

Figure 6. Yeast two-hybrid assays. Interactions between different ThtAP3 proteins, ThtPI and 

ThtSEP3 were determined with the yeast two-hybrid system. Colony growth on selective Leu/Trp/His-

free + AbA medium is shown. Yeast cells were spotted in 10-fold serial dilution (from left to right) for 
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each interaction tested. All proteins were expressed as fusion with the GAL4 activation domain (AD) 

and the GAL4 DNA binding domain (BD). 

 

Supplemental Figure Captions 

 

Figure S1. Detection of tobacco rattle virus (TRV) transcripts in plants treated by virus-induced 

gene silencing. Expression analysis of plants treated with untreated controls, empty TRV2 + TRV1, 

TRV2-ThtAP3-1 short (S) + TRV1, TRV2-ThtAP3-1 long (L) + TRV1, TRV2-ThtAP3-2a S + TRV1, 

TRV2-ThtAP3-2a L + TRV1, TRV2-ThtAP3-2b S + TRV1, TRV2-ThtAP3-2b L + TRV1 by RT-PCR. 

TRV1 and TRV2 were detected only in VIGS-treated and empty TRV2-treated samples. Empty TRV2 

generates a 390 bp band, while TRV2 containing the ThtAP3-1 S = 732 bp, ThtAP3-1 L = 819 bp, 

ThtAP3-2a S = 606 bp, ThtAP3-2a L = 817 bp, ThtAP3-2b S = 614 bp and ThtAP3-2b L = 798 bp. 

Approximate size of bands (in bp) indicated on the right. Treatments and plant numbers are labeled 

above each lane. 

 

Table S1. 

Purpose, name and sequence of primers used in this study. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Supplemental Figure S1 
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Primer Purpose Name Sequence 

VIGS cloning   

Short TthAP3-1 F BamHI 5’ TAG GGA TCC ATG CAT AAT GAT CTA CTG C 3’ 

Long TthAP3-1 F BamHI 5’ TAG GGA TCC GTG TTC GTA ATC GAA AGT TT  3’ 

 TthAP3-1 R KpnI 5’ GAT GGT ACC GCA GAA CAC ATA CAA GTT A 3’ 

Short TthAP3-2a F BamHI 5’ TAG GGA TCC GCA ACC ACA GCT GTA GCC C 3’ 

Long TthAP3-2a F BamHI 5’ TAG GGA TCC GTG TTC GTA ATC GAA AGT TT 3’ 

 TthAP3-2a R KpnI 5’ GAT GGT ACC GCA GAA CAC ATA CAA GTT A 3’ 

Short TthAP3-2b F BamHI  5’ TAG GGA TCC GCA ACC AAA GCT GCA GTC C 3’ 

Long TthAP3-2b F BamHI 5’ TAG GGA TCC TAC TAC TAG TAC TGA CAC TT 3’ 

 TthAP3-2b R KpnI 5’ GAT GGT ACC GTT CAT ACA AAA GAT CCA A  3’ 

Presence of TRV1 pTRV1_fwd 5’ CTT GAA GAA GAA GAC TTT CGA AGT CTC 3’ 

 pTRV1_rev 5’ GTA AAA TCA TTG ATA ACA ACA CAG ACA AAC 3’ 

Presence of TRV2 OYL195 5’ GGT CAA GGT ACG TAG TAG AG 3’ 

 OYL198 5’ CGA GAA TGT CAA TCT CGT AGG 3’ 

Y2H cloning TthAP3-1_Y2H_F 5'- CAT GGA GGC CGA ATT CAT GGG GAG AGG AAA GAT TGA GAT C -3' 

 TthAP3-1_Y2H_R 5'- GCA GGT CGA CGG ATC CTC AAC CTA ATC GAA GAC CCT CGA A  -3' 

 TthAP3-2a/b_Y2H_F 5'- CAT GGA GGC CGA ATT CAT GGG GAG AGG AAA GAT TGA GAT T -3' 

 TthAP3-2a_Y2H_R 5'- GCA GGT CGA CGG ATC CTT ACA GCT GTG GTT GCA AAC CGA A -3' 

 TthAP3-2b_Y2H_R 5'- GCA GGT CGA CGG ATC CTC AAA CAA GAC TTA AGC CAT ATG A -3' 

 TthPI_Y2H_F 5'- CAT GGA GGC CGA ATT CAT GGG AAG AGG TAA GAT TGA GAT C -3' 

 TthPI_Y2H_R 5'- GCA GGT CGA CGG ATC CCT ATT TTT CCT GTA AAT TAG GCT G -3' 

Expression by qPCR ThtAP3-1-for-qPCR 5’ GGG TTG GTG GTG AAG ATC TGA GTG ATA 3’ 

 ThtAP3-1-rev-qPCR 5’ ATC AAC TAG TGC ATA TGG TTC CTC AAG 3’ 

 ThtAP3-2A for-qPCR 5’ GCA AGA TAA TCT GCA GAA GCT GAA GGA 3’ 

 ThtAP3-2A rev-qPCR 5’ ACG TAG CAG ACC GTT ATA GGT CAC TTG 3’ 

 ThtAP3-2B for-qPCR 5’ GCA AGA TAA TCT GCA GAA GCT GAA GGA 3’ 

 ThtAP3-2B rev-qPCR 5’ ACG TAG CAG ACC GTT ATA GGT CAC TTG 3’ 

 ThtPI-for-qPCR 5’ TAC AAG TAT GCT AGA GGA AGA GAA CAA 3’ 

 ThtPI-rev-qPCR 5’ AGA TCT ATT CAT TAT AAG GCT CAT GGT 3’ 


