
Copyright  2002 by the Genetics Society of America

Contrasting Evolutionary Forces in the Arabidopsis thaliana Floral
Developmental Pathway

Kenneth M. Olsen, Andrew Womack, Ashley R. Garrett, Jane I. Suddith
and Michael D. Purugganan1

Department of Genetics, North Carolina State University, Raleigh, North Carolina 27695

Manuscript received October 11, 2001
Accepted for publication January 25, 2002

ABSTRACT
The floral developmental pathway in Arabidopsis thaliana is composed of several interacting regulatory

genes, including the inflorescence architecture gene TERMINAL FLOWER1 (TFL1), the floral meristem
identity genes LEAFY (LFY), APETALA1 (AP1), and CAULIFLOWER (CAL), and the floral organ identity
genes APETALA3 (AP3) and PISTILLATA (PI). Molecular population genetic analyses of these different
genes indicate that the coding regions of AP3 and PI, as well as AP1 and CAL, share similar levels and
patterns of nucleotide diversity. In contrast, the coding regions of TFL1 and LFY display a significant
reduction in nucleotide variation, suggesting that these sequences have been subjected to a recent adaptive
sweep. Moreover, the promoter of TFL1, unlike its coding region, displays high levels of diversity organized
into two distinct haplogroups that appear to be maintained by selection. These results suggest that patterns
of molecular evoution differ among regulatory genes in this developmental pathway, with the earlier
acting genes exhibiting evidence of adaptive evolution.

GENES that control morphogenesis invariably func- on a gene relate to the gene’s position and functional
tion as interacting components of complex devel- role within the developmental pathway. Moreover, this

opmental networks (Arnone and Davidson 1997; Shubin type of integrated analysis may further allow us to exam-
et al. 1997; Davidson 1999). Morphological evolution ine how the structure of developmental gene networks
is believed to arise from the diversification of these constrains the types of evolutionary change observed in
interacting developmental genes (Shubin et al. 1997; nature.
Doebley and Lukens 1998; Purugganan 1998), in- Flower development provides an excellent system for
cluding both the trans-acting regulatory genes that func- studying the evolution of morphogenesis in plants
tion within developmental networks and cis-acting pro- (Lawton-Rauh et al. 2000; Cronk 2001). Geneticists
moter sequences that control gene expression patterns have managed to identify and isolate many of the genes
(Doebley and Lukens 1998). Despite the central im- that control flower development in the weed Arabidopsis
portance of developmental gene evolution for the diver- thaliana, which has served as a model plant genetic sys-
sification of morphology, little is known about how de- tem (Weigel 1995; Yanofsky 1995; Jack 2001). More-
velopmental gene networks evolve. Previous studies on over, in many cases, geneticists have elucidated the inter-
individual developmental genes indicate that they are actions that occur among these genes to control floral
subject to a variety of microevolutionary forces (Wang development (see Figure 1; Yanofsky 1995; Liljegren
et al. 1999; Ludwig et al. 2000; Purugganan 2000), and et al. 1999; Ng and Yanofsky 2000; Jack 2001).
some genes have been shown to be targets for adaptive Among the regulatory genes first expressed in floral
evolution (Wang et al. 1999). However, the evolutionary development is the inflorescence architecture gene
dynamics across interacting regulatory genetic compo- TERMINAL FLOWER1 (TFL1), whose product is similar
nents remain unclear. to RAF kinase inhibitor proteins and which appears

Analysis of patterns of nucleotide variation at different to be required for the maintenance of inflorescence
genes within a developmental pathway may allow us to meristem identity (Bradley et al. 1997; Ratcliffe et al.
assess whether the genetic components of a develop- 1998). In A. thaliana, mutations at TFL1 result in the
mental network are subject to equivalent evolutionary transformation of the apical inflorescence meristem
forces, or whether they differ in their modes of evolu- into a floral meristem, leading to the formation of a
tion. An evolutionary analysis across genes also allows single terminal flower instead of an indeterminate in-
an examination of how the selective pressures acting florescence (Shannon and Meeks-Wagner 1991; Rat-

cliffe et al. 1998, 1999).
Three floral meristem identity genes, LEAFY (LFY),
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Figure 1.—Schematic of
the genetic interactions in
the A. thaliana floral devel-
opmental pathway.

(see Figure 1). LFY encodes a putative DNA-binding lution may act among the different genetic components
of the floral developmental pathway. One such hypothe-transcriptional activator; mutations in this gene result

in the partial transformation of flowers to inflorescence sis involves the action of selection on genes that control
evolutionarily conserved vs. variable morphological traits.shoots (Weigel et al. 1992; Weigel and Meyerowitz

1993). Genetic studies indicate that TFL1 acts in part by Like all members of the Brassicaceae, A. thaliana shows
strong conservation in the number, positioning, andrepressing the expression of LEAFY in the inflorescence

meristems (see Figure 1; Liljegren et al. 1999). Thus, identities of floral organs. In contrast, adaptive diver-
gence is observed in the numbers and positioning ofdownregulation of TFL1 leads to LFY expression and is

one of the first steps in the genetic cascade that leads reproductive shoots, both within A. thaliana and among
its close relatives (Endress 1992; Shu et al. 2000). Thisto flower formation. LFY in turn activates the expression

of AP1, which encodes a MADS-box DNA-binding tran- difference in evolutionary constraint should be re-
flected in the evolution of the genes underlying thesescriptional factor (Mandel et al. 1992; Gustafson-

Brown et al. 1994; Liljegren et al. 1999). The third morphological traits. In particular, we would expect that
evidence of adaptive evolution should be more preva-floral meristem identity gene, CAL, is a relatively recent

duplicate of AP1 (Kempin et al. 1995). CAL and AP1 lent in the inflorescence architecture and meristem
identity loci, which control the evolutionarily more labileshare redundant functions in the establishment of floral

meristem identity, and double mutants of these two reproductive meristem traits, than in the organ identity
genes.genes result in a massive proliferation of inflorescences

resulting from an ontogenetic arrest in the ability to In previous studies, we reported on the molecular
population genetics of the floral meristem identity geneform floral meristems (Bowman et al. 1993; Kempin et

al. 1995). CAL (Purugganan and Suddith 1998) and the floral
organ identity genes AP3 and PI in A. thaliana (Purug-Floral organ identity genes control the identity of the

organs in the four floral whorls—the sepals, petals, sta- ganan and Suddith 1999). We have now characterized
the molecular population genetics of three additional A.mens, and carpels (Yanofsky 1995)—and act down-

stream of the meristem identity loci. The AP1 locus thaliana floral developmental genes: the floral meristem
identity genes AP1 and LFY and the inflorescence archi-has floral organ identity functions in addition to its

meristem identity functions described above; mutations tecture gene TFL1. Our results indicate that these six
genes possess distinctive patterns of sequence diversityat AP1 lead to loss of floral sepals and petals (Bowman

et al. 1993). Other floral organ identity genes include and that the two early acting genes in the floral develop-
mental pathway—the floral meristem identity gene LFYthe MADS-box loci APETALA3 (AP3) and PISTILLATA

(PI), both of which are required for petal and stamen and the inflorescence architecture gene TFL1—show
evidence of adaptive evolution.development (Goto and Meyerowitz 1994; Jack et al.

1992). Mutations at these loci result in the homeotic
transformation of petals and stamens to sepals and car-

MATERIALS AND METHODS
pel-like structures, respectively. AP3 and PI are ancient
gene duplicates (Purugganan 1997; Kramer et al. Isolation and sequencing of alleles: The A. thaliana ecotypes

were obtained from single-seed propagated material provided1998). Expression of these two genes involves coregula-
by the Arabidopsis Biological Resource Center (ABRC; see Ta-tion as well as regulation by the floral meristem identity
ble 1). The Kent, Bretagne, Lisse, and Corsacalla seed stocks

genes LFY and AP1 (see Figure 1; Samach et al. 1997). were from the population collection of P. H. Williams main-
The broad functional categories used to classify these tained at ABRC. A. lyrata seed was provided by C. H. Langley

and O. Savolainen. The majority of the accessions used in thisfloral developmental genes—inflorescence architec-
study were the same as those in previous work (Puruggananture, meristem identity and organ identity—are not ab-
and Suddith 1998, 1999).solute, and some genes may be expected to have roles

Miniprep DNA was isolated from young leaves as previously
characteristic of more than one functional class, as is described (Ausubel 1992). PCR was performed with the error-
evident in AP1. Nevertheless, these categories provide correcting Pwo polymerase (Roche, Indianapolis) to minimize

nucleotide misincorporation. The error rate for this polymer-a framework for formulating hypotheses about how evo-
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quencing for both genes was conducted with an ABI377 auto-TABLE 1
mated sequencer using a series of nested internal sense and

Ecotypes/field strains antisense primers. All sequence polymorphisms were visually
rechecked from chromatograms, with special attention to low-

ABRC seed frequency polymorphisms (Hamblin and Aquadro 1997).
Ecotype/field strain Locality accession no. The DNA sequences are available from GenBank (accession

nos. AF466771–AF466817).
Basel-1 Basel, Switzerland CS996 Data analysis: Sequences used in this study were visually
Blanes/Gerona-1 Blanes/Gerona, Spain CS970 aligned. Phylogenetic analyses were conducted using the heu-
Bretagne-2a Bretagne, France CS6096 ristic search algorithm (maximum parsimony criterion) in
Bretagne-4a Bretagne, France CS6094 PAUP 3.1 (Swofford 1992), with the A. lyrata orthologs speci-
Burghaun/Rhon-0 Burghaun/Rhon, fied as the outgroup. Node support was assessed with 500

Germany CS1006 bootstrap replicates of the data. Nucleotide diversity was ana-
lyzed using the DnaSP program (Rozas and Rozas 1999).Burghaun/Rhon-2 Burghaun/Rhon,
Levels of nucleotide diversity were estimated as mean pairwiseGermany CS1008
differences (�). The Tajima (1989) and Fu and Li (1993)Cape Verde-0 Cape Verde Islands CS902
tests for selection were conducted without specifying an out-Chisdra-1 Chisdra, Russia CS1074
group. For the TFL1 promoter, Tajima’s D was estimated usingCoimbra-1 Coimbra, Portugal CS1084
nucleotide and indel polymorphism data, with the latter codedColumbia Landsberg, Germany CS20
as single characters. Indels in an interrupted microsatelliteCorsacalla-1a Corsacalla, Italy CS6042
near the TFL1 translation start were excluded from the analy-Graz-3 Graz, Austria CS1202
sis. Significance of Tajima’s D was determined in simulationsJelinka-1 Vranov u Brno,
with 10,000 runs using the number of segregating sites (s �Czechoslovakia CS1248 46) and the recombination parameter (R � 2.3) estimatedKashmir-1 Kashmir, India CS903 from the data. Contingency tests for independence of muta-

Kent-2a Kent, Great Britain CS6054 tional categories, referred to as the McDonald-Kreitman test
Kent-4a Kent, Great Britain CS6048 (McDonald and Kreitman 1991), were conducted using Fish-
Kent-5a Kent, Great Britain CS6058 er’s exact test to evaluate significance. The Hudson-Kreitman-
Landsberg erecta Landsberg, Germany — Aguade (HKA) two-locus and multilocus tests (Hudson et al.
Limburg-3 Limburg, Germany CS1316 1987) were conducted using DnaSP (Rozas and Rozas 1999)
Limburg-8 Limburg, Germany CS1332 and the HKA program available from J. Hey.
Lisse-1a Lisse, Netherlands CS6090
Lisse-2a Lisse, Netherlands CS6092
Ws Wassileskija, Ukraine CS915 RESULTS AND DISCUSSION

a Field strains from the Williams collection (ABRC). The Nucleotide variation in the coding regions of the
name is not an official ecotype designation. A. thaliana floral developmental genes: A total of 15

APETALA1, 15 LEAFY, and 14 TERMINAL FLOWER1
alleles were isolated from a collection of A. thalianaase formulation, based on multiple amplification and rese-
ecotypes, sampled primarily from Europe. Allele se-quencing of known genes, is less than one in 7–10 kb (our
quences from the entire coding region and a portionunpublished observations). We estimate that the nonsampling

variance of nucleotide diversity due to PCR misincorporation, (�1 kb) of the promoter and 5�-untranslated region
VPCR(�), is negligible [VPCR(�)/V(�) �0.14] and does not sig- (5�-UTR) were obtained for each gene. Approximately
nificantly affect the frequency distribution of polymorphisms. 4.7 kb was sequenced for each AP1 allele, spanning
In several cases, multiple sequences from independently am-

exons 1–8 and including 1.2 kb of the 5�-untranslatedplified products were obtained to recheck potential PCR-
region and the promoter (Figure 2). Approximately 3.9induced errors. The APETALA1 gene was amplified in three
kb of sequence was obtained from LFY alleles. The LFYsegments in A. thaliana and A. lyrata: the first segment primers

AP1-PR1F (5�-AGGCTTATGCAATATATGCCTTAAGC-3�) and sequences include the entire coding region (from exons
AP1-X1R (5�-TTGTCTATTGATCTTGTTCTCTATCC-3�); the 1–3 and intervening introns) and 1.1 kb of the 5�-UTR
second segment primers AP1-1F (5�-ATGGGAAGGGGTAGGG and promoter (Figure 3). About 1.8 kb of the TFL1TTCA-3�) and AP1-2R (5�-AAGGTTGCAGTTGTAAACGGG-3�);

allele sequence was obtained, including exons 1–4 andand the third segment primers AP1-X2F (5�-ATGGAGAAGA
0.7 kb of promoter and 5�-UTR (Figure 4). The AP1,TACTTGAACG-3�) and AP1-X2R (5�-CTCAGGTGCAATAAG

CTGTCT-3�). The LEAFY gene was amplified in two segments: LFY, and TFL1 genes encode proteins of 255, 424, and
the first segment primers LFY1F (5�-CAGACTCAGAGTGCTG 177 amino acids in length, respectively.
ATATTTCT-3�) and LFY1R (5�-GTTCCTCAGATAACCCTGT These three A. thaliana floral developmental genesCCA-3�) and the second segment primers LFY2F (5�-TGGA

show different levels of coding region nucleotide poly-CAGGGTTATCTGAGGAAC-3�) and LFY2R (5�-ATCTTAGTA
morphism. In AP1, a total of 91 polymorphic nucleotideCTTTTGAGTTTGACC-3�). Finally, the TERMINAL FLOWER1

gene was amplified with the primers TFL16F (5�-CCTACTCT sites are in the 3.5-kb coding region of this gene (Figure
GAGCAATAATTGTATCC-3�) and TFL1R (5�-GCAGTTTAT 2). Of these, 10 exon polymorphisms are replacements
GACAATCATGAAACTA-3�). Amplification conditions followed and 8 are synonymous changes; 73 polymorphisms are
the Pwo polymerase manufacturer’s protocols (Roche), with

found in introns. There are also 8 insertion/deletionannealing temperatures adjusted for each primer pair.
(indel) polymorphisms, all in introns, which range inAmplified DNA products were cloned into pCR2.1 using

the TOPO TA cloning kit (Invitrogen, San Diego). DNA se- size from 1 to 5 bp. The LEAFY alleles have a total of
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Figure 3.—Sequence of LEAFY alleles from different A. thaliana ecotypes. All allele sequences are compared to the reference
allele from the Burghaun/Rhon-0 (Bu-0) ecotype. The position of the polymorphic sites and their locations in introns and exons
are indicated at the top. Insertions (�) at positions 599 and 3871 are AAAA and ATGGCTAATTTGTT, respectively. Polymorphisms
not shown: position 576, multiple A repeats; position 1082, multiple GA repeats.

20 nucleotide polymorphisms within the 2.9-kb coding of silent variation is observed in the TFL1 coding region,
with an estimate of � for silent sites at 0.0007.region (Figure 3). There are 4 replacement and 2 synon-

ymous polymorphisms in exon sequences, while 14 seg- Excess of low-frequency and replacement polymor-
phisms at the AP1 transcriptional unit: The frequencyregating sites are found in introns. Eight indel polymor-

phisms occur in LEAFY; like AP1, all of these are found distribution of polymorphisms provides information on
the relative roles of neutral drift vs. selection at a locus.in intron regions. Finally, the sampled alleles from the

TFL1 locus have 6 polymorphic nucleotide sites, includ- The skewness of frequency distributions for nucleotide
polymorphisms can be evaluated with both the Tajimaing 1 site with two mutations, in the 1.1-kb region that

spans the exons and introns. Of these polymorphisms, (1989) and Fu and Li (1993) tests for selection. Since
A. thaliana may have experienced a recent population3 are replacements, 1 is a synonymous polymorphism,

and 3 are found in intron sequences. Three indel poly- expansion, these two tests should be interpreted with
caution when inferring selection. However, they maymorphisms are observed in the TFL1 coding region, all

in introns. still provide information on deviations in molecular di-
versity patterns from predictions of the neutral-equilib-Estimates of silent nucleotide variation within the cod-

ing region of the APETALA1 locus are comparable to rium model. When the nucleotide diversity in the AP1
coding region is examined, the distribution of polymor-the three other floral homeotic genes previously studied

(Purugganan and Suddith 1998, 1999; see Table 2 and phic sites is significantly skewed toward rare alleles. Sev-
enty-three of the 92 nucleotide polymorphisms occurFigure 5). The estimate of AP1 species-wide nucleotide

diversity for coding region silent sites, �, is 0.0047. This in only a single allele (singleton mutations). The Tajima
test statistic, D, is �2.101 for AP1 (P � 0.05); the negativelevel of variation is slightly lower than that of CAL (� �

0.0069), which is a recent duplicate of AP1; both possess value of this statistic indicates that sampled alleles show
an excess of rare polymorphisms over that expected inredundant meristem identity functions in flower devel-

opment. The level of silent site coding region variation a population at mutation-drift equilibrium (Table 2).
The Fu and Li test statistic, D*, is also significantly nega-for LFY, however, is 0.0019 (see Table 2 and Figure 5),

which is less than half that of AP1. An even lower level tive for this gene (D* � �3.031, P � 0.02), again indicat-
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Figure 4.—Sequence of TERMINAL FLOWER1 alleles from different A. thaliana ecotypes. All allele sequences are compared
to the reference allele from the Columbia (Col-0) ecotype. The position of the polymorphic sites and their locations in introns
and exons are indicated at the top. Insertions (�) are as follows: position 225, TATATAGG; position 308, TTGAAACCATG;
position 350, TGTTGCTGAAGAAGTCAA; position 458, AGCTT; position 485, AGTATTAGAAA; position 510, TACG; position
518, CA; position 552, AA; position 565, multiple GA repeats.

ing an excess of singletons. This excess of low-frequency of low-frequency polymorphisms in its coding region.
The Tajima test statistic, D, is �2.032 for this gene (P �polymorphisms for AP1 is similar to that observed for

several other Arabidopsis nuclear genes, including the 0.05; see Table 2); the Fu and Li test statistic D* is also
significantly negative (D* � �2.600, P � 0.02). Negativefloral organ identity genes AP3 and PI, as well as the

AP1 paralogue CAL (Purugganan and Suddith 1998, values for Tajima and Fu and Li test statistics are also
observed for LFY; this excess of rare alleles, however, is1999; see Table 2). This pattern of variation may reflect

the inbreeding associated with this selfing plant and/ not significantly different from the distribution ex-
pected under a neutral-equilibrium model (D � �1.572,or population disequilibrium caused by the rapid post-

Pleistocene range expansion in this species (Purugga- P � 0.05; D* � �1.516, P � 0.05; Table 3).
The excess of low-frequency polymorphisms observednan and Suddith 1999; Kuittinen and Aguade 2000;

Aguade 2001). at TFL1 (and to some extent LFY) is associated with a
reduction in overall levels of nucleotide variation rela-Selective sweeps at the LFY and TFL1 transcriptional

units: Like AP1, the TFL1 locus also possesses an excess tive to other genes in the floral developmental pathway.

TABLE 2

Features of coding region sequence variation at A. thaliana floral developmental genes

Gene Map positiona Length (kb) n � (silent) � (nonsynonymous) Tajima D Fu and Li D*

AP3 3 (80) 1.7 19 0.0077 0.0040 �2.151 (P � 0.05)* �3.373 (P � 0.02)*
PI 5 (28) 2.0 16 0.0061 0.0030 �2.018 (P � 0.05)* �2.876 (P � 0.02)*
CAL 1 (46) 2.0 17 0.0069 0.0055 �1.661 (P � 0.08) �2.372 (P � 0.06)
AP1 1 (99) 3.5 15 0.0047 0.0022 �2.101 (P � 0.05)* �3.032 (P � 0.02)*
LFY 5 (117) 2.9 15 0.0019 0.0002 �1.572 (P � 0.10) �1.516 (P � 0.10)
TFL1 5 (2) 1.1 14 0.0007 0.0014 �2.032 (P � 0.05)* �2.600 (P � 0.02)*

*Significant at the 0.05 level.
a Position given as chromosome number, map position in parentheses.
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Patterns of regulatory protein evolution: An excess
of intraspecific replacement polymorphisms has pre-
viously been documented for the floral developmental
genes AP3, PI, and CAL (see Table 3), as well as several
other nuclear loci (Kawabe et al. 1997; Purugganan
and Suddith 1998, 1999). While not observed at either
AP1 or LFY (Table 3), this pattern is found at TFL1. This
inflorescence architecture gene has three replacement
polymorphisms but only a single synonymous polymor-
phism within A. thaliana, compared to three replace-
ments and 13 synonymous changes fixed between A.
thaliana and A. lyrata (Table 3). Nonetheless, this ob-
served elevation in within-species replacement polymor-Figure 5.—Comparison of silent site nucleotide diversity

levels in the coding regions of genes in the A. thaliana floral phism is not statistically significant (McDonald-Kreit-
developmental pathway. The genes are arranged from earlier man test, P � 0.0609).
acting (left) to later acting (right) genes. Patterns of replacement and synonymous variation at

the six floral genes examined here suggest that many
of the nonsynonymous polymorphisms may be slightlyWhereas the mean silent-site nucleotide diversity for the
deleterious. A hierarchical Bayesian model of proteincoding regions of these two genes is 0.0013, the mean
evolution indicates negative selection intensities againstvalue for the four other genes examined here is 0.0063.
amino acid replacements for all of these floral develop-Compared to 15 previously examined Arabidopsis nu-
mental genes except LFY, a pattern consistent with thatclear loci, TFL1 and LFY have a 5- to 10-fold reduction
found in the majority of A. thaliana nuclear loci (Busta-in polymorphism (Kawabe et al. 1997; Miyashita et al.
mante et al. 2002). This prevalence of deleterious muta-1998; Kawabe and Miyashita 1999; Kawabe et al. 2000;
tions may reflect the effect of inbreeding in this predom-Kuittinen and Aguade 2000; Savolainen et al. 2000;
inantly selfing species (Bustamante et al. 2002).Aguade 2001; Miyashita 2001).

Promoter variation in floral meristem identity andA multilocus HKA test comparing intraspecific poly-
inflorescence architecture genes: Comparison of pro-morphism with interspecific divergence in the coding
moter/5�-UTR regions of AP1, LFY, and TFL1 using aregions of all six floral developmental genes is signifi-
multilocus HKA test does not indicate statistically sig-cant (�2 � 11.935, P � 0.035), with LFY and TFL1 con-
nificant differences in patterns of evolution amongtributing most to the deviation from neutral expectations
these three genes (�2 � 1.635, P � 0.4). However, exami-(Figure 6). This pattern suggests that the evolutionary
nation of patterns and levels of nucleotide variationdynamics of the coding regions of these two regulatory
within each of these genes suggests that they do differgenes differ significantly from the other genes of the
in their evolutionary dynamics. For two of the genes,floral developmental pathway. Specifically, the patterns
AP1 and LFY, nucleotide variation in the promoter/5�-of evolution for the coding regions of TFL1 and LFY
UTR is very similar to that observed in the coding regionsuggest a recent selective sweep, either at these loci or
of the gene. Individual HKA tests for both of these lociat closely linked genes. Of 15 genes in A. thaliana ana-
indicate no significant difference between the pro-lyzed thus far, only one other locus—CHALCONE ISO-
moter/5�-UTR region and coding region in levels ofMERASE—shows evidence of a recent selective sweep

(Kuittinen and Aguade 2000). within-species polymorphism vs. between-species diver-

TABLE 3

McDonald-Kreitman tables for A. thaliana floral developmental genes

Polymorphisms Fixed differencesa

McDonald-Kreitman
Gene Replacement Synonymous Replacement Synonymous test

AP3 19 9 6 14 P � 0.018*
PI 12 4 9 18 P � 0.012*
CAL 15 5 14 14 P � 0.134
AP1 10 8 8 11 P � 0.517
LFY 2 4 18 37 P � 1.000
TFL1 3 1 3 13 P � 0.061

* Significant at the 0.05 level.
a Compared with A. lyrata.
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sequence dimorphism from other genes, however, is (i)
the close proximity of the dimorphic region to se-
quences that appear to have undergone a recent selec-
tive sweep and (ii) the significantly positive value of
Tajima’s D. Both of these observations are consistent
with selection to maintain TFL1 promoter dimorphism
in the face of selective sweeps in the adjacent coding
region of this gene.

Variation of TFL1 is expected to affect the number
of floral meristems established by the shoot apical meri-
stem. Indeed, in a sample of 78 ecotypes, there is a

Figure 6.—Contribution of each gene in the A. thaliana difference in the number of main axis flowers produced
floral developmental pathway to the �2 statistic for the multilo- in plants that have TFL1 promoter haplogroups A and
cus HKA test of selection on coding region sequences. The B—14.29 	 3.93 and 16.08 	 3.86, respectively (ourtotal �2 is significantly greater than expected (P � 0.035) in

unpublished observations). This difference is only mar-the multilocus HKA.
ginally nonsignificant after correcting for the effects of
population structure (P � 0.064).

gence (Table 4). These patterns suggest that for AP1 The molecular population genetics of the floral devel-
and LFY, evolutionary forces have acted comparably in opmental pathway: We have examined the molecular
the two portions of the gene. population genetics of six regulatory genes that are

In contrast to AP1 and LFY, TFL1 shows a dramatic found at different positions in the floral developmental
difference in nucleotide variation between its pro- pathway. These loci have various roles in floral develop-
moter/5�-UTR and coding region. Whereas nucleotide ment, including the maintenance of inflorescence meri-
diversity in the coding region is extremely low (� � stem identity (TFL1), the specification of floral meri-
0.0007; see above), that of the promoter/5�-UTR is very stem identity (LFY, AP1, and CAL), and the development
high (� � 0.0187; Table 4). The HKA test confirms that of sepals, petals, and stamens (AP1, AP3, and PI). On
these two portions of the gene differ in their patterns the basis of the broad functional classes, one gene is an
of evolution (�2 � 6.243, P � 0.012). Moreover, whereas inflorescence architecure gene (TFL1), two are catego-
Tajima’s D and Fu and Li’s D* estimates are negative rized as floral meristem identity genes (LFY and CAL),
for the promoter/5�-UTR and coding regions of AP1 while two are floral organ identity loci (AP3 and PI). AP1
and LFY as well as for the coding region of TFL1, these is both a meristem specification and a floral patterning
two polymorphism measures are positive for the TFL1 gene.
promoter/5�-UTR (see Tables 2 and 4). Thus, the pro- Two of these loci show evidence of having experi-
moter/5�-UTR and coding region of TFL1 have differed enced a recent adaptive sweep. These are the inflores-
markedly in their patterns of evolution. cence architecture gene TFL1 and the floral meristem

Nucleotide variation in the TFL1 promoter character- gene LFY, both of which are early acting genes that
izes two distinct classes of alleles (haplogroups), which regulate the identities of inflorescence and floral meri-
are distinguished by 20 nucleotide polymorphisms and stems. Coding regions of both of these loci show re-
10 indels (Figure 4). This pattern of allelic dimorphism duced levels of polymorphism compared to other floral
is not unprecedented in A. thaliana, having been re- developmental loci, consistent with recent positive selec-
ported in several loci including FAH (Aguade 2001) tion. It is unclear whether these loci were the actual
and ChiB (Kawabe and Miyashita 1999). The origins targets of selection; it is possible that the selective target
and evolutionary forces maintaining such allelic dimor- may have been a closely linked gene (Barton 2000).
phism are still unclear (Kawabe and Miyashita 1999; However, the chromosomal locations of these genes do

not suggest that they would be tightly linked to otherAguade 2001). What distinguishes the TFL1 promoter

TABLE 4

Promoter/5�-UTR sequence variation at Arabidopsis floral developmental genes

Gene Length (kb) � Tajima D Fu and Li D* HKA testa

AP1 1.2 0.0013 �1.824 (P � 0.05)* �1.744 (P � 0.10) �2 � 0.112 (P � 0.74)
LFY 1.1 0.0024 �1.825 (P � 0.05)* �2.391 (P � 0.05)* �2 � 1.337 (P � 0.25)
TFL1 0.7 0.0187 �1.531 (P � 0.05)b �0.354 (P � 0.10) �2 � 6.243 (P � 0.01)*

* Significant at the 0.05 level.
a Comparison of promoter/5�-UTR with coding region.
b Significance determined by coalescence simulations.
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loci; comparison of physical and genetic map distances These results suggest that detailed understanding of
the organization of developmental gene pathways andin the regions flanking both of these loci indicates that

they are not regions of low recombination (K. M. Olsen the precise functional roles and interactions of their
component loci may provide information on the pat-and M. D. Purugganan, unpublished observation).

Moreover, the data on TFL1 indicate that the selective terns of diversification of genes that control morpho-
genesis. Evolutionary analyses of enzymatic pathways,sweep was confined to the coding region and did not

include the promoter sequences, which suggests that such as those of the glycolytic pathways in Drosophila
(Eanes 1999; Verrelli and Eanes 2001) and the antho-recombination was sufficient to restrict the physical im-

pact of the selective sweep. cyanin biosynthesis pathway in Ipomoea (Rausher et
al. 1999), have already provided insights into the posi-In addition to selective sweeps, other selective forces

are also evident in these floral genes. At TFL1, the two tion- and function-dependent action of selective forces.
In the study of Drosophila glycolytic enzymes, evolution-promoter haplogroups occur at roughly equal fre-

quency in wild ecotypes and haplogroup differentiation ary analysis was informed by metabolic control theory,
which provides a theoretical basis for advancing hypoth-does not extend to the 5� proximal gene rpS28 (our

unpublished observations). Moreover, the TFL1 pro- eses on the evolution of pathway components (Eanes
1999). A similar theoretical framework is possible formoter haplogroup types are weakly associated with the

developmental decision to form flowers. The allele developmental gene networks (Mendoza et al. 1999;
Hasty et al. 2001), although quantitative models permit-structure of TFL1 appears to have been shaped by two

contrasting selective forces: an adaptive sweep in the ting precise evolutionary hypotheses have yet to be ad-
vanced. Nevertheless, the ability to correlate patterns ofcoding region and selection to maintain variation in

the promoter/5�-UTR. At the meristem identity gene adaptive evolution with the functional roles of regula-
tory genes in a developmental gene network allowsCAL, genetic analysis indicates that naturally occurring

alleles differ in their ability to regulate floral meristem greater understanding of the mechanisms of morpho-
logical evolution.identity specification; however, unambiguous evidence

for positive or diversifying selection has not been ob- The authors thank K. A. Shepard for insightful discussions and
served for this locus (Purugganan and Suddith 1998). members of the Purugganan laboratory for a critical reading of this

manuscript. This work was funded with a grant from the NationalIn contrast to LFY, TFL1, and CAL, the three genes with
Science Foundation to M.D.P., T. F. C. Mackay, and J. Schmitt andexclusively organ identity functions (AP1, AP3, and PI)
an Alfred P. Sloan Foundation Young Investigator Award in Molecularshow no evidence of either positive or balancing selec-
Evolution to M.D.P.

tion (see also Purugganan and Suddith 1999).
The selective forces inferred for these genes are con-

sistent with our predictions based on patterns of mor-
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