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ABSTRACT
In multigene families, variation among loci and alleles can contribute to trait evolution. We explored

patterns of functional and genetic variation in six duplicated Arabidopsis thaliana trypsin inhibitor (ATTI)
loci. We demonstrate significant variation in constitutive and herbivore-induced transcription among ATTI
loci that show, on average, 65% sequence divergence. Significant variation in ATTI expression was also
found between two molecularly defined haplotype classes. Population genetic analyses for 17 accessions
of A. thaliana showed that six ATTI loci arranged in tandem within 10 kb varied 10-fold in nucleotide
diversity, from 0.0009 to 0.0110, and identified a minimum of six recombination events throughout the
tandem array. We observed a significant peak in nucleotide and indel polymorphism spanning ATTI loci
in the interior of the array, due primarily to divergence between the two haplotype classes. Significant
deviation from the neutral equilibrium model for individual genes was interpreted within the context of
intergene linkage disequilibrium and correlated patterns of functional differentiation. In contrast to the
outcrosser Arabidopsis lyrata for which recombination is observed even within ATTI loci, our data suggest
that response to selection was slowed in the inbreeding, annual A. thaliana because of interference among
functionally divergent ATTI loci.

NATURAL selection and neutral evolutionary pro- duplicated loci and alleles at individual loci. Gene birth,
death, and diversification dynamics are expected to in-cesses can shape functionally important genetic vari-
teract in a complex manner with allelic diversity evolvingation at individual genes. In multigene families, we are
in response to frequency-dependent selection, balanc-further challenged to distinguish the contribution of varia-
ing selection, or positive selection in a coevolutionarytion among loci and among alleles to functional diversifi-
“arms race” (Ellis et al. 1995; Meyers et al. 1998; Dudacation (Ohno 1970; Force et al. 1999; Walsh 2003). After
and Palumbi 2000; Bergelson et al. 2001; Tian et al.gene duplication, both the ecological function and the
2002; Van der Hoorn et al. 2002; Zhang et al. 2002b).evolutionary fate of loci can diverge (e.g., Zhang et al.

Evolutionary inferences based on patterns in molecu-2002a; Ferrari et al. 2003). Duplicated loci that are
lar sequence data have been the topic of a large numberretained for more than a few million years eventually
of recent studies (Comeron and Kreitman 2002; Fayexperience strong purifying selection (Lynch and Con-
et al. 2002; Ford 2002; Kim and Stephan 2002, 2003;ery 2003) and can undergo adaptive divergence via
Navarro and Barton 2002; Tian et al. 2002; Nord-modification of the ancestral gene function and the
borg and Innan 2003). Because tandemly duplicatedacquisition of novel function (Force et al. 1999; Lynch
loci share not only a functional and evolutionary origin,and Force 2000; Lynch et al. 2001). For genes involved
but also a common chromosomal context, identifyingin biotic interactions where functional diversity is selec-
the signatures of selection at diverging loci can be con-tively favored (e.g., plant-pathogen and plant-herbivore
founded by positional nonindependence. Interferenceinteractions, mate recognition), elevated gene copy re-
due to conflicting selection on linked sites is expectedtention associated with subfunctionalization and neo-
in asexual genomes (Miralles et al. 1999), but may alsofunctionalization may impart a selective advantage to
shape functional evolution in sexual genomes with localthe persistent multigene families observed in many
reductions in recombination (Hill and Robertsonplant genomes (Charlesworth et al. 2000; Rask et al.
1966; Kim and Stephan 2000, 2003; Comeron and2000; Bergelson et al. 2001). We are only now begin-
Kreitman 2002). In Drosophila, where linkage disequi-ning to explore concerted functional evolution among
librium (LD) typically decays within 1 kb (Long et al.
1998), local reductions in recombination have been sug-
gested to limit adaptive evolution at linked sites (KirbySequence data from this article have been deposited with the

EMBL/GenBank Data Libraries under accession nos. AJ632250– and Stephan 1996; Betancourt and Presgraves
AJ632267. 2002). For the worldwide population of the inbreeding
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et al. 1997; Kawabe and Miyashita 1999; Aguadé 2001; The loci encoding A. thaliana trypsin inhibitors (ATTIs)
are members of a multigene family. Six ATTI loci areHauser et al. 2001) and on a genomic scale up to 250

kb (Nordborg et al. 2002). This potential nonindepen- arranged in tandem within 10 kb on chromosome II
and appear to have undergone duplication subsequentdence must be taken into consideration in functional

genetic analyses for closely linked loci in A. thaliana, in to a genome duplication event 24–40 million years ago
(Blanc et al. 2003). Here, we test whether nucleotideparticular for tandemly duplicated gene families.

Proteinase inhibitors (PIs) are widespread and highly polymorphism evolves independently among members of
the ATTI tandem array in the selfing annual A. thaliana,diverse in the plant kingdom. The physiological func-

tion of plant proteinase inhibitors includes protection with reference to the closely related outcrossing species,
A. lyrata. We observed significant heterogeneity in theagainst the proteolytic enzymes of herbivores and patho-

gens, as well as the regulation of endogenous storage pattern of polymorphism among gene family members,
including a peak of diversity flanking the presence/proteinases during seed dormancy and reserve protein

mobilization (Green and Ryan 1972; Ryan 1990; Pau- absence polymorphism for the ATTI5 locus. We then
analyze ATTI gene expression in response to herbivorytot et al. 1991; Koiwa et al. 1997; De Leo et al. 1998;

Haruta et al. 2001; Glawe et al. 2003; Telang et al. and test for functional diversification both among loci
and among alleles. Assessing the role of natural selec-2003). A single plant may have proteinase inhibitors

from several different functional classes (Laskowski tion in shaping the significant functional diversification
observed for members of this gene family was compli-and Kato 1980; Ryan 1990). On the basis of structural

and biochemical properties, a novel class of serine tryp- cated by contrasting population genetic signatures for
linked loci in a region of low recombination.sin inhibitors (TIs) encoded by a small gene family has

been identified in the Brassicaceae (Menegatti et al.
1992; Ceciliani et al. 1994; Ruoppolo et al. 2000; Zhao

MATERIALS AND METHODSet al. 2002). The specificity of the inhibited protease is
determined in part by a single amino acid residue at A. thaliana trypsin inhibitors: Six ATTI loci have been identi-
the P1 position of the reactive site loop (Laskowski fied in the Columbia accession of A. thaliana on the basis
and Kato 1980; Ascenzi et al. 1999). Experimental ran- of sequence homology to mustard trypsin inhibitor (MTI2;

Menegatti et al. 1992) and rapeseed trypsin inhibitor (RTI3;domization of P3-P3� residues in the reactive site loop
Ceciliani et al. 1994). ATTI1 is the ortholog to MTI2 and RTI3of the Sinapis alba TI (MTI2) and subsequent selection
(with on average 75% similarity) and has been structurallyby phage display for elevated trypsin inhibitory activity analyzed (Zhao et al. 2002). In our study ATTI1, ATTI2, ATTI3,

demonstrated that the wild-type MTI2 reactive site has ATTI4, and ATTI6 occur in tandem on chromosome II and
optimal conformation for trypsin inhibition with very refer to At2g43510, At2g43520, At2g43530, At2g43535, and

At2g43550, respectively. ATTI4 is currently annotated in Gen-few degrees of freedom (Ceci et al. 2003). Trypsin inhib-
Bank only as an expressed protein, not as a trypsin inhibitoritory function has been maintained in orthologous TI
(AC002335; March 11, 2002). ATTI5 refers to a locus betweenloci in the Brassicaceae for �20 million years (MY), ATTI4 and ATTI6 that was identified in several accessions

as suggested by a conserved reactive site loop (P3-P3� other than Columbia on the basis of sequence homology (Fig-
APRIF/YP) in Brassica, Sinapis, and Arabidopsis (Koch ure 1). A locus with no homology to ATTI and of unknown

function is located between ATTI5 and ATTI6 (At2g43540).et al. 2001; Zhao et al. 2002).
A seventh locus in this gene family, ATTI7, is located on chromo-Functional investigation of Sinapis trypsin inhibitors
some I (At1g47540). We focus here only on the ATTI1–6 locihas demonstrated expression in immature seeds and located within the tandem array on chromosome II.

in wounded leaves (Ceci et al. 1995; De Leo et al. 2001a). The ATTI1 locus encodes an 89-amino-acid precursor with
The MTI2 inhibitor interacts in a highly specific manner 27 amino acids in the amino terminus not represented in

the mature protein (Zhao et al. 2002). The 27-amino-acid Nwith insect gut proteinases, is induced upon feeding,
terminus of the precursor polypeptide most likely representsand can be an effective defense against insect herbivores
a signal peptide for secretion into the endoplasmic reticulum(De Leo et al. 1998, 2001b; Ceci et al. 2003). However, (SignalP v1.1). For ATTI4 and ATTI5, a 5-amino-acid carboxy

in response to a diet enriched in one TI, insects can terminus was identified on the basis of sequence homology
preferentially express digestive proteinases insensitive to MTI2 (Volpicella et al. 2000). The position and length

of a single intron is conserved among all ATTI loci.to the dominant inhibitor and thereby render this plant
Herbivory experiment and expression analysis: Seeds ofdefense less effective (Broadway 1995, 1997; Jongsma

seven A. thaliana accessions chosen randomly from two se-et al. 1995; Jongsma and Bolter 1997; De Leo et al. quence-defined haplotype classes (A, Gö-0, Ler-0, Nd-1, and
1998; Volpicella et al. 2003). The fact that insect tryp- Rsch-0; B, Cvi-1, Fe-1a, and Wei-0; see below for haplotype
sin proteinases are encoded by members of large gene classification) were sown onto a sterilized potting soil/vermic-

ulite mix (3:1), vernalized at 4� for 1 week, placed in a random-families (Gu et al. 2002) may contribute to this flexible
ized design into a short-day growth chamber, and reduced tocounterstrategy. Thus, the diversity and expression of
a single individual per pot after germination. Four and 6 weeksplant PIs may be shaped by an antagonistic coevolution-
after germination, six randomly selected plants per accession

ary dynamic favoring protein diversification as predicted were placed into a separate growth chamber for 9 hr; three
by the arms-race model (Van Valen 1973; Broadway plants were subjected to the herbivory treatment and three

individuals were control plants. The herbivory treatment con-1996; Jongsma and Bolter 1997; De Leo et al. 1998).
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Figure 1.—(A) Amino acid sequence of six A. thaliana trypsin inhibitor (ATTI) loci located on chromosome II. The signal
peptide is indicated by light shading and the reactive site loop by dark shading, with P1 and P1� indicated by dots. (B) Percentage
pairwise sequence identity among ATTI coding sequences for one representative A. thaliana accession (Fe-1a).

sisted of one third instar Plutella xylostella (Leptidoptera) larva PCR products derived from the cDNA could be differentiated
from genomic contaminants (primer sequences availableper plant. The larvae originate from line G88 (Cornell Univer-

sity) and were reared on an artificial diet (Shelton et al. upon request). The PCR products were visualized on a 2%
agarose gel in a standardized manner. Band intensity provides1991), from which they were removed 16 hr prior to transfer

to plants. Herbivore-induced transcription of homologous a semiquantitative measure of the transcription level (Im-
ageQuant 5.1; Molecular Dynamics, Sunnyvale, CA). Prior totrypsin inhibitors is maximal after 9 hr of feeding in a related

species of Brassicaceae (Bauke 2002). After the experiment, analysis of transcription level, each RT-PCR band was standard-
ized to the intensity of the 400-bp band of 2 �l of the Lowup to six basal leaves were harvested from all plants and imme-

diately placed into liquid nitrogen. All leaves harvested from Mass Ladder (Invitrogen, San Diego) loaded in every ninth
well to control for gel effects. For the ATTI RT-PCR products,herbivore-induced plants had feeding scars and thus had the

potential for local as well as systemic induction. we standardized bands by the intensity of the RAN band for
the given individual and by the PCR efficiency of the primersFor each of 12 plants per accession (two ages, two herbivore

treatments, and three replicates), RNA was extracted from for that ATTI locus amplifying genomic DNA.
Statistical analysis of transcription: An analysis of variance�100 mg of leaf tissue using a standard protocol employing

cell lysis with TRIZOL reagent (GIBCO BRL, Gaithersburg, was performed on the log-transformed standardized transcript
level and, because transcription was sometimes zero, 100 wasMD) and RNA purification with phenol-chloroform and etha-

nol precipitation. Approximately 1 �g of total RNA was used added to each standardized data point prior to log transforma-
tion (PROC GLM; version 8, SAS Institute). Haplotype class,for cDNA synthesis, as described by Frohman et al. (1988).

For reverse transcription polymerase chain reaction (RT- herbivory, locus, age, and accession nested within haplotype
class were fixed effects (e.g., Templeton et al. 1993). The fullPCR), the amount of total cDNA added for each sample was

adjusted so that the RT-PCR product within the linear phase model including all interaction effects was analyzed. The
locus � herbivory two-way interaction effect was further ana-for a housekeeping gene was �5 ng/�l (RAN; Ras-related

nuclear small GTP-binding protein; At5g55190). RAN primers lyzed using linear contrasts within the context of the ANOVA
to determine which loci deviated significantly from the averagewere 5� ACCAGCAAACCGTGGATTACC and 3� CCACAAAG

TGAAGATTAGCGTCC (57�; see RT-PCR conditions below). herbivore-induction response.
ATTI tandem array—amplification and sequencing: A singleTo assess trypsin inhibitor expression, one master mix was

made for RT-PCR conducted with primers for all six ATTI individual was sampled from 17 accessions of A. thaliana (L.)
Heynh. (Brassicaceae) originating from Eurasia, North Africa,loci and RAN. A standard PCR protocol was used with the

following cycling scheme: 2 min at 94�; 30 cycles of 30 sec at and North America: Col-0, USA; Cvi-1, Cape Verde Islands;
Di-0, France; Fe-1a, Germany; Gö-0, Germany; Ita-0, Morocco;94�, 20 sec at primer-specific annealing temperature, and 40

sec at 72�; and a final extension at 72� for 10 min. Locus- Kas-1, India; Le-0, The Netherlands; Ler-0, Germany; Nd-1,
Germany; Nok-0, The Netherlands; Rsch-0, Russia; Sah-0,specific primers were designed to span the intron, such that
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Spain; Ta-0, Czech Republic; Wei-0, Switzerland; Wil-2, Lithua- Homogeneity of diversity and divergence in silent sites along
the tandem array was tested using a multilocus Hudson, Kreit-nia; and Ws-0, Belarus. All A. thaliana seeds were obtained

from the Nottingham Arabidopsis Stock Center. After harvest, man, and Aguadé (HKA) test for eight nonoverlapping, artifi-
cially defined loci each encompassing �500 nongapped posi-young leaf material from each accession was placed in liquid

nitrogen and DNA extraction from 0.1 g of tissue followed tions (multilocus HKA; distributed by Jody Hey through
http://www.lifesci.rutgers.edu/heylab/).the protocol for the Nucleon PhytoPure plant DNA extraction

kit (Amersham, Arlington, Heights, IL). Primers for PCR am-
plification were placed in the exons of genes flanking the ATTI
array in Columbia (AC002335; arrayF, 5� GGACGGGTCGTTT RESULTS
CAGCTG, and arrayR, 5� GACGTGAGCTTAGAGTTCATAC;

Heterogeneous ATTI expression: Semiquantitative58�). PCR of up to 10 kb of chromosome II was conducted
RT-PCR estimating mRNA levels of ATTI loci in rosetteusing ELONGase Enzyme mix (GIBCO BRL) with hotstart

and an 8-min extension time. PCR products were gel purified leaves for seven accessions of A. thaliana demonstrated
and cloned using pCR-Blunt II TOPO vector (Invitrogen). that five of the six ATTI loci were transcribed. Although
Three clones per accession were sequenced on a 3700 ABI positive controls for three primer pairs with genomiccapillary sequencer using primers spaced approximately every

DNA resulted in ATTI5 amplification, we never ob-400 bp and designed from the Columbia accession (available
served ATTI5 bands in RT-PCR analyses for any acces-upon request). For Ita-0, the ATTI region was amplified in

two overlapping segments due to the presence of a large inser- sion or tissue type (including basal leaves, flowers, fruits,
tion. The ATTI array was amplified from one individual of A. and roots; results not shown). Consequently, the ATTI5
lyrata ssp. petraea from Plech in Bavaria, Germany (49� 54� 99″ locus was excluded from subsequent analyses. The ATTI5N; 11� 30� 64″ E; same as KOCH, Pfaffenhofen b. Neuhaus,

locus was identified here for the first time on the basisBavaria, Germany, leg. KOCH; Koch et al. 2001; Clauss and
of sequence similarity and position within the tandemMitchell-Olds 2003) using the primers 5� CCAATCGGTTT

GGTCCTAAAG and 3� CATTCATTGAAGAACATCACATTG array from the accessions Cvi-1, Fe-1a, Nd-1, and Wei-0
(55�). Three clones from A. lyrata were sequenced using the (see below). The ATTI4 locus, presently not annotated
above primers from A. thaliana as well as additional species- in the Col-0 sequence as a member of the trypsin inhibi-
specific primers where necessary.

tor gene family, was transcribed in all accessions tested.Sequence analysis: Sequences were assembled with SeqMan
There was differential regulation among ATTI loci,5.0 (DNASTAR) and all variable sites were checked manually

among haplotype classes, and in response to herbivory,during the construction of a consensus sequence from three
clones for each A. thaliana accession and one A. lyrata individ- as seen by the significant main effects in the ANOVA
ual. Only one allele per accession was included in the popula- of log-transformed transcript levels (Table 1). Gene reg-
tion genetic analysis of A. thaliana because individuals are ulation differed among loci with ATTI3 and ATTI6 hav-derived from multiple generations of inbreeding in the labora-

ing the highest transcript levels (Table 1; Figure 2A).tory. For the outgroup A. lyrata, we sequenced one of two
The haplotype classes differed significantly in transcrip-alleles. All sequences were aligned with MegAlign 5.03 set to

default gap penalty parameters (DNASTAR). Pairwise BLAST tion; overall, haplotype A (HA) had higher transcript levels
searches confirmed insertion/deletion (indel) breakpoints in (Table 1; Figure 2B). Only ATTI6 showed the opposite
regions of high polymorphism and repetitive nucleotide se- response, with haplotype B (HB) having more transcriptsquence. Coding and noncoding regions were inferred ac-

(Figure 2B). Accessions were assigned to haplotype classcording to homology with MTI2, GenBank annotation, and
on the basis of the presence (HB) or absence (HA) ofsequenced cDNA clones in A. thaliana (M. J. Clauss, unpub-

lished data). The DnaSP program version 3.84 (Rozas and the ATTI5 region, as well as �150 nucleotide polymor-
Rozas 1999) was used for both intra- and interspecific analyses phisms in linkage disequilibrium throughout the array
of nucleotide polymorphism. Nucleotide diversity, �, was esti- (see below). The effect of accession nested within haplo-
mated according to Nei (1987); � according to Watterson

type class explained no additional variation in transcript(1975); and nucleotide divergence, K, between A. thaliana
levels (Table 1). The herbivory treatment accountedand A. lyrata according to Nei (1987). Linkage disequilibrium
for the largest source of variation in the model, withbetween variants at different polymorphic sites (Hill and

Robertson 1968); Hudson and Kaplan’s (1985) estimate of herbivore-induced plants having, on average, 4.5 times
the minimum number of recombination events; the recombi- greater transcript levels than uninduced control plants
nation parameter, R, per gene (Hudson 1987); and Wall’s B (Table 1; Figure 2C). Loci were induced differently by(Wall 1999) were also calculated. Insertions and deletions

herbivory, such that transcription plasticity was greaterare not considered in these algorithms. We assessed the spatial
than average for ATTI3 and lower than average fordistribution of indels in the ATTI region by summing gapped

sites in 17 nonoverlapping segments that were 400 bp in length ATTI2 (Table 1, linear contrasts; Figure 2C). Plant age
without gaps. did not account for significant variation in expression.

Sequences were tested for departure from equilibrium-neu- However, the two-way interaction of locus and age wastral expectations using statistics from Tajima (1989), Fay and
significant, indicating the potential for age-specific reg-Wu (2000), McDonald and Kreitman (1991), and Hudson
ulation among loci (Table 1; Figure 2A). The remaininget al. (1987). For Fay and Wu’s H, coalescent simulations based

on a neutral infinite-sites model assuming a large constant two-way as well as all three- and four-way interaction terms
population size were employed to identify significant depar- were not significant and, therefore, were removed from
ture from neutral expectations. Input parameters for coales- the model for clarity.
cent simulations were: (1) the observed � per gene (estimated

Nucleotide variation in the ATTI array: The alignmentas the average number of nucleotide differences), (2) the
of 17 accessions of A. thaliana for the ATTI tandemsample size, (3) the estimated recombination parameter per

gene (R), and (4) the estimated value of Fay and Wu’s H. array located on chromosome II spanned 9019 bp (from
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TABLE 1

Analysis of variance of ATTI transcript level in A. thaliana

Sourcea d.f. Type III SS Mean square F value P

Locus 4 251.17 62.79 34.20 �0.001
Haplotype class 1 33.50 33.50 18.25 �0.001
Herbivory 1 247.72 247.72 134.91 �0.001
Age 1 2.07 2.07 1.12 0.289
Ecotype (haplotype) 5 13.24 2.65 1.44 0.208
Locus � haplotype 4 132.53 33.13 18.04 �0.001
Locus � herbivory 4 22.54 5.64 3.07 0.016
Locus � age 4 41.28 10.32 5.62 �0.001
Herbivory � age 1 7.83 7.83 4.26 0.040

Linear contrastsb:
locus � herbivory d.f. Contrast SS Mean square F value P

ATTI1 1 0.01 0.01 0.01 0.943
ATTI2 1 7.26 7.26 3.95 0.047
ATTI3 1 19.04 19.04 10.37 0.001
ATTI4 1 1.82 1.82 0.99 0.320
ATTI6 1 0.05 0.05 0.03 0.869

SS, sum of squares.
a Model R 2 	 0.52.
b Linear contrasts were conducted within the ANOVA to determine which loci differ significantly in herbivory

induction.

3� of the preceding to 5� of the succeeding gene). An of the array (a posteriori Fisher’s exact test of the number
of recombination events in the first and last quarters ofanalysis based on 7016 nongapped sites identified 239

polymorphic sites (including 59 singletons), 16 haplo- polymorphic sites combined vs. middle 50%; one-tail P
	 0.038; Figure 4). Three of eight recombination eventstypes, nucleotide diversity estimates of � 	 0.0107 and

� 	 0.0102, and a minimum of six recombination events. resulted in a switch of the downstream haplotype cate-
gory for that accession (interhaplotype recombination;Unless otherwise stated, analyses and references to posi-

tion are based on a 10,352-bp global alignment of 17 Figure 4). The common haplotype (HA) was repre-
sented by the Col-0 sequence. The less frequent haplo-A. thaliana accessions with A. lyrata as the outgroup.

Under neutrality, nucleotide sequences exhibiting type (HB), typified by the presence of the ATTI5 locus
(see below), was found in 4 of 17 accessions in this studyhigh divergence among species are also predicted to

evolve at high rates within species. In the ATTI region, (frequency of HB is 0.24); HB was found at a frequency
of 0.17 in a sample of 80 randomly chosen accessionshowever, diversity and divergence were uncorrelated

(rSpearman 	 0.137; P 	 0.996; n 	 17 nonoverlapping of A. thaliana (results not shown).
Within the ATTI array, a peak in species-wide diversity300-bp windows), and a multilocus HKA test rejected

homogeneity of polymorphism and divergence (eight centered on ATTI5 was the result of a large number of
fixed differences among haplotypes (Figure 6A; � �nonoverlapping loci of �500 bp; 
2 	 24.71; P � 0.001).

In relation to divergence, polymorphism was dispropor- 0.04 in one 400-bp window; n 	 17 accessions). Diversity
within each haplotype was similarly low throughout thetionately lower in the 5� and 3� ends of the region

and higher flanking ATTI4, in the middle of the array array (HA � 	 0.0032; HB � 	 0.0027) and showed no
underlying peaks in polymorphism near ATTI5 (Figure(Figure 3).

Significant linkage disequilibrium was evident through- 6A). Using 2 accessions that are representative of HA
and HB (Col-0 and Fe-1, respectively), we polarized eachout the entire tandem array (55% of comparisons by

Fisher’s exact test significant at P � 0.001; Figure 4), polymorphism in the array using the A. lyrata sequence
as the outgroup. Equal numbers of derived nucleotidegiving rise to two haplotype clades (Figure 5). In addi-

tion to the six recombination events identified via the substitutions were found in the two lineages (62 in each
Col-0 and Fe-1a). Even within the largest nonrecombin-Hudson and Kaplan (1985) algorithm applied to nu-

cleotide polymorphisms for all accessions, visual inspec- ing region in the array interior (Figure 4), derived and
ancestral substitutions were evenly distributed amongtion of indel and nucleotide polymorphisms together

suggested two novel recombination events between posi- haplotypes (Table 2).
We tested whether the species-wide frequency spec-tions 4470–4607 and 10009–10107 (Figure 4). Distribu-

tion of these eight recombination events was not uni- trum of polymorphisms deviated from expectations un-
der neutral equilibrium population dynamics. A slidingform; events were concentrated in the 5� and 3� ends
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Figure 2.—Transcript levels of six ATTI loci
for seven accessions of A. thaliana showing the
effect of (A) locus and age (4 weeks, solid bars;
6 weeks, shaded bars), (B) locus and haplotype
class, and (C) locus and herbivory. In B, the inter-
action between locus and haplotype class is graph-
ically represented as expression of haplotype A
minus the expression of haplotype B. Plotted val-
ues are least-square means from the full factorial
ANOVA with untransformed data.

window analysis of the ATTI region demonstrated that, be the source of hidden biases in the analysis of nucleo-
tide diversity. Alignment algorithms employing a highon average, Tajima’s D was not different from zero (D 	

0.22; P � 0.10). However, two 400-bp segments did deviate or low gap penalty can result in elevated or reduced
diversity parameters within the resulting alignments, re-significantly from zero: D 	 �2.08 (P � 0.05) and D 	

2.26 (P � 0.05), corresponding to the 5� regions of ATTI2 spectively. Indels were found throughout the ATTI
array, with an indel peak roughly coinciding with theand ATTI6, respectively (Figure 6B; see Single-locus analysis

below). A sliding window analysis of Fay and Wu’s H dem- peak of polymorphism (rSpearman 	 0.48; P 	 0.049; n 	
17 nonoverlapping 400-bp windows; Figure 7). This pos-onstrated that, within the context of an overall excess of

high-frequency-derived polymorphisms (H 	 �36.06; P � itive correlation is not expected if high diversity were
simply an alignment artifact. When we polarized 2300.001), distinct deviations from neutrality were associated

with ATTI2 and ATTI4 (Figure 6C). gapped sites in accessions representative of haplotypes
A and B relative to the A. lyrata outgroup (Col-0 andInsertion/deletion variation in the ATTI array: The

pattern of insertions and deletions contains valuable Fe-1a, respectively), we observed approximately equal
numbers of insertion and deletion events (20 and 23,population genetic information and simultaneously can
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Figure 3.—The ratio of silent-site diversity (�)
in A. thaliana to silent-site divergence (K) from
A. lyrata ssp. petraea for nonoverlapping 400-bp
windows. Approximate locations of ATTI loci
are indicated. Loci in brackets fall within the indi-
cated windows in A. thaliana, but were not in-
cluded in the calculation because they were de-
leted from A. lyrata ssp. petraea. Average �/K 	
0.12, indicated by horizontal line.

respectively), although 2.7 times more sites were deleted their level of diversity within A. thaliana, the frequency
distribution of polymorphisms, and among-species di-(163) than were inserted (67). Derived indels were dis-

tributed evenly among haplotype clades surrounding vergence (Tables 3, 4, and 5; Figure 7). The consensus
sequence of all ATTI loci was in frame, with no pseu-the ATTI5 deletion (Table 2).

In the Ita-0 accession, we identified a 4857-bp indel dogene signatures. Variation in sequence diversity
among the five expressed ATTI loci was positively cor-that appears to be a class II (DNA) transposable element

insertion as evidenced by the presence of an 11-bp termi- related with variability in transcript levels among acces-
sions (Figure 8). For the nontranscribed ATTI5 locusnal inverted repeat, flanking 5-bp target site duplication,

and sequence similarity to A. thaliana MuDR-like ele- only, a GA microsatellite located 3–13 bp 5� to the ATG
in each TI locus was large and variable (up to 25 re-ments. The element was located within the 5� untrans-

lated region (UTR) of ATTI4 (�85 bp of ATG, with peats), and there was a single missense replacement
substitution in one accession (Cvi-1). As expected forno discernible effect on transcription; M. J. Clauss,

unpublished data) and was lacking in the remaining 16 functional genes, average diversity at ATTI loci (� 	
0.0057) was lower than diversity across the �10 kb span-accessions as well as in the A. lyrata outgroup. The sec-

ond largest indel was a 1505-bp deletion observed in 13 ning the array (�total 	 0.0107 or �silent 	 0.0135; Tables
3 and 4). Within this chromosomal context, diversityof 17 accessions, which includes the previously unde-

scribed ATTI5 locus (Figure 1). The ATTI5� allele was for ATTI1 and ATTI2 was extremely low (� 	 0.0009),
whereas � for ATTI4 was high (0.0110), approaching43% diverged from the most similar locus; hence

ATTI5� probably represents the recent deletion of an that of silent-site diversity. Differences in the extent of
haplotype structure were responsible for some of thisold gene family member. Consistent with this hypothe-

sis, diversity within the ATTI5 region (� 	 0.0034 for diversity: ATTI1 and ATTI2 had only singleton polymor-
phisms, whereas the two dominant haplotypes could bepositions 7273–8777) was not reduced relative to aver-

age diversity across the entire tandem array (� 	 0.0027 identified in the remaining loci (e.g., Wall’s B for ATTI4
and ATTI6 was 0.54 and 0.44, respectively; Table 4).for positions 197–10,548) when only the four accessions

with ATTI5� (haplotype B; Figure 6A) were considered. Among functional regions, exon 1, coding for most of
the signal peptide, had the greatest average diversity,Comparison with the outgroup A. lyrata was not infor-

mative because ATTI5, as well as ATTI3, were deleted in even higher than that of the 5�-UTR (Table 3). Signifi-
cant deviation in the frequency spectra from equilib-all alleles surveyed thus far (M. J. Clauss, unpublished

data). Although the ATTI5 deletion site in A. thaliana rium-neutral expectations was observed for the ATTI2
locus (including flanking region; Tajima’s D 	 �2.02;and A. lyrata was within 100 bp, homology of the dele-

tion was uncertain because of ambiguous alignment in P � 0.002) and ATTI6 (coding sequence only; D 	
2.20; P � 0.01; Table 4). After a sequential Bonferronithis highly repetitive and polymorphic region.

Single-locus analysis: The six ATTI loci differ in correction (Holm 1979) is applied to all 16 tests of
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through ATTI6 were 0.33, 0.40, 0.44, 0.43, 0.61, and
0.21, respectively. Thus, ATTI5 was under the least selec-
tive constraint (0.61), whereas amino acid evolution
appears most constrained for ATTI1 and ATTI6.

Of particular interest for understanding changes in
inhibitory function are replacement changes in the reac-
tive site loop (Figure 1). While there were synonymous
changes between the P3 to P3� positions in some loci,
no within-species replacement polymorphisms were ob-
served within this critical region. The most common
residue at the P1 position for ATTI, arginine, was re-
placed by lysine in ATTI4 and ATTI6 (Figure 1).

DISCUSSION

We found a significant association between gene ex-Figure 5.—Neighbor-joining analysis with 1000 bootstrap
pression and haplotype class for loci of the A. thalianareplicates showing nodes �50% for 3411 silent-site polymor-

phisms in ATTI array among the 13 noninterhaplotype recom- trypsin inhibitor (ATTI) tandem gene family. Member-
bining accessions of A. thaliana using one outgroup sequence ship in two molecularly defined haplotype classes ex-
from A. lyrata ssp. petraea. plained a significant proportion of the variation in tran-

scription, whereas the contribution of accession nested
within haplotype was not significant (Table 1). Haplo-

site frequency spectra in Table 4, these results remain type classes differed up to sixfold in transcript level
significant at the P 	 0.05 level. (Figure 2B). Within A. thaliana, linkage disequilbrium

Although average ATTI divergence between A. thaliana generally extends over �250 kb; hence a significant
and A. lyrata was similar to divergence across the entire association between haplotype and function suggests cis-
chromosomal region (K 	 0.100), K ranged from regulation at or near the tandemly arrayed ATTI loci,
0.0661 to 0.1671 among loci (Table 3). Among coding whereas unlinked trans-acting regulation is less likely
positions (�270 bp per gene) in the four ATTI loci for (Haubold et al. 2002; Nordborg et al. 2002; Shepard
which an outgroup comparison was possible, divergence and Purugganan 2003).
and diversity were positively correlated (rSpearman 	 An association between naturally occurring sequence
0.9487; P 	 0.05; n 	 4; Table 3). Although the signifi- haplotypes and function has been observed in A. thali-
cant HKA test reported above rejected homogeneity for ana for several qualitative phenotypes relating to patho-
the entire 10-kb region, HKA was nonsignificant when gen resistance (Stahl et al. 1999; Tian et al. 2002; Maur-
only the coding regions were compared (results not icio et al. 2003). However, in an analysis of quantitative
shown). Among functional regions, the lowest diver- variation for a plant-herbivore defense trait, Hauser et
gence, on average, was seen for coding sequences (8%), al. (2001) do not detect a significant relationship be-
whereas the 5�-UTR was on average 17% divergent (Ta- tween nucleotide polymorphism and trichome density.
ble 3). High- frequency-derived polymorphisms were in Identifying significant functional differences among di-
significant excess for ATTI2 (Fay and Wu’s H; Table 4). vergent alleles is critical for efforts to connect nucleotide

A comparison of synonymous (Ks) and amino acid sequence variation to ecologically important character-
replacement (Ka) substitutions can provide evidence of istics undergoing natural selection. In this study of tran-
the evolutionary rate of functionally important changes scription of herbivore-induced proteinase inhibitor
on three levels in gene families: intraspecific diversity genes, we identified significant associations between se-
within loci, species divergence within loci, and diver- quence haplotypes and quantitative functional variation
gence among loci. For ATTI, we found lower replace- in just one component of a complex phenotype. Addi-
ment than synonymous rates of evolution at each level. tional components such as protein synthesis, inhibitory
First, within A. thaliana, �a/�s varied from 0.29 (ATTI1) activity, and the fitness consequences of alternative al-
to 0.76 (ATTI6) along the array, suggesting different leles remain to be assessed. Population genetic analyses
levels of purifying selection among loci (Table 5). Sec- of polymorphisms can also provide evidence of the adap-
ond, among species, the Ka/Ks ratio was lower than �a/�s tive significance of functional variation. Below, we de-
within A. thaliana (Table 5). It is notable that Ka/Ks for scribe the chromosomal landscape of polymorphism
ATTI6 was the lowest observed (0.14). Third, compari- surrounding the ATTI tandem array and consider the
sons among all pairs of ATTI loci for one representative evidence for locus-specific functional evolution.
accession (Fe-1a) also illustrated overall selective con- ATTI loci in the chromosomal landscape: Tandemly
straint in trypsin inhibitor evolution (Ka/Ks  1): aver- duplicated genes located in close proximity to one an-

other not only share a demographic and functionalage Ka/Ks ratios for all comparisons including ATTI1
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Figure 6.—Patterns of nu-
cleotide polymorphism among
17 accessions of A. thaliana
spanning 10 kb on chromo-
some II. Position is given from
global alignment with A. lyrata
ssp. petraea, and the locations
of loci in the ATTI tandem
array are indicated. All win-
dows are 400 bp with a 100-bp
step, shaded double arrows
represent regions of indels,
and asterisks indicate regions
of significant deviation from
neutrality for the respective
test (P � 0.01). (A) Diversity
(�total) for all accessions (solid
line; n 	 17), haplotype A ac-
cessions not involved in inter-
haplotype recombination (dot-
ted line; n 	 10), and
haplotype B accessions not in-
volved in interhaplotype re-
combination (dashed line; n 	
3). (B) Tajima’s D (n 	 17) and
(C) Fay and Wu’s H (n 	 17
accessions and A. lyrata ssp. pe-
traea).

history, but also exist within a shared chromosomal land- morphism of the previously undescribed ATTI5 locus.
Significant heterogeneity of polymorphism relative toscape. For 10,352 aligned nucleotide positions, we ob-

served: (1) average levels of overall polymorphism divergence allowed us to reject the hypothesis that the
genomic region encompassing the ATTI tandem arraywithin A. thaliana and divergence to A. lyrata, (2) two

distinct haplotype classes in A. thaliana with similar nu- has evolved according a homogeneous neutral model
(Figure 3; multilocus HKA; P � 0.001).cleotide diversity within each class, (3) significant link-

age disequilibrium, (4) abnormally low levels of diversity The co-occurrence of a peak of polymorphism at one
functional locus and distinct haplotype classes has pre-associated with ATTI1 and ATTI2, and (5) a peak of

polymorphism spanning the presence/absence poly- viously been reported in several studies of A. thaliana
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TABLE 2

Distribution of derived indel and nucleotide polymorphisms in two haplotype classes of
A. thaliana regions flanking the ATTI5 deletion

5� flanking: 3� flanking:
6165–7149 8778–9050

Haplotype A: Haplotype B: Haplotype A: Haplotype B:
ATTI5� ATTI5� ATTI5� ATTI5�

No. derived nucleotide 23 20 10 10
polymorphismsa

No. derived indel eventsa 8 11 2 3
No. derived indel sites 34 84 9 26

a Homogeneity tests identified no significant differences in the distribution among haplotypes for nucleotide
polymorphisms (G 	 0.07; P 	 0.790) and the number of indel events (G 	 0.336; P 	 0.562).

molecular evolution and may indicate balancing or fre- three genes, their promoter regions, and intergenic se-
quences (Figures 3 and 6). The genes are part of aquency-dependent selection (Stahl et al. 1999; Tian et

al. 2002, 2003; Mauricio et al. 2003; but see Aguadé tandem array of duplicated loci that are functionally
differentiated and thus represent several linked targets2001). The peak of polymorphism documented for

ATTI differs from previous reports in several ways. of selection (e.g., Parsch et al. 2001; Baines et al. 2002).
Second, the peak of nucleotide polymorphism in theFirst, the polymorphism peak in the ATTI tandem

array spans �1.2 kb of nongapped sequence, including ATTI array centers on a presence/absence polymor-

Figure 7.—Polymorphism among 17 acces-
sions of A. thaliana over �10 kb calculated for
nonoverlapping windows 400 bp in length exclud-
ing gaps for (top) nucleotide polymorphisms and
(bottom) insertion/deletion polymorphisms (log
plus one). Correlation between nucleotide and
indel polymorphisms was rSpearman 	 0.48, P 	 0.049
for all data and rSpearman 	 0.45, P 	 0.069 after
removal of the two largest indels. Approximate
locations of ATTI loci are indicated by arrows in
an alignment of only A. thaliana sequences. ATTI5
was not included in the calculations because it is
located within an indel. Unk is At2g43540 (see
materials and methods).
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TABLE 3

Diversity (�) among 17 accessions of A. thaliana and divergence (K) to A. lyrata ssp. petraea for six ATTI loci

5�-UTR Exon 1 Intron 1 Exon 2 3�-UTR CDS Total
Average

73.7 60.2 130.7 211.5 154.3 271.7 630.3bp �:
Average

bp K:
Diversity or

Loci divergence 74.3 59.0 119.8 212.8 146.5 271.8 603.0

ATTI1 � 0.0000 0.0019 0.0000 0.0006 0.0017 0.0009 0.0009
K 0.0561 0.0176 0.0647 0.0610 0.0905 0.0508 0.0661

ATTI2 � 0.0047 0.0019 0.0000 0.0006 0.0030 0.0009 0.0013
K 0.2571 0.0676 0.1527 0.0497 0.0809 0.0537 0.1007

ATTI3 � 0.0142 0.0075 0.0148 0.0093 0.0117 0.0089 0.0115
K — — — — — — —

ATTI4 � 0.0148 0.0247 0.0105 0.0073 0.0175 0.0110 0.0127
K 0.1893 0.1047 0.0803 0.1222 0.0919 0.1185 0.1214

ATTI5 a � 0.0061 0.0164 0.0047 0.0000 0.0060 0.0035 0.0047
K — — — — — — —

ATTI6 � 0.0068 0.0265 0.0000 0.0049 0.0033 0.0093 0.0058
K 0.1816 0.1538 0.2024 0.0680 0.2591 0.0851 0.1671

Average � 0.0078 0.0131 0.0050 0.0038 0.0072 0.0057 0.0061
K 0.1710 0.0859 0.1250 0.0752 0.1306 0.0770 0.1138

CDS, coding sequence.
a n, four accessions.

phism for an old, apparently nonfunctional, gene copy for both species is in the same repetitive, polymorphic
region for which sequence alignment was ambiguous.(ATTI5). Whereas evidence in favor of an indel poly-

morphism maintained by selection is strengthened by The high level of divergence between ATTI5 and all
other ATTI genes (�43%) suggests that the indel repre-the presence of at least one functional allele (e.g., RPM1;

Tian et al. 2003), our analysis indicated that both the sents the deletion of an old ATTI5 allele, rather than a
recent insertion via duplication from an existing TI lo-complete gene deletion and the ATTI5� allele were non-

functional. The lack of transcription, elevated Ka/Ks ratio, cus. Recent gene conversion is also unlikely because (a)
the most similar TI, ATTI4, was 43% divergent fromand a large polymorphic microsatellite immediately 5�

of the ATG all suggest that ATTI5� is a pseudogene ATTI5� and (b) ancestral and derived nucleotide poly-
morphisms were evenly distributed among ATTI5� andand, hence, not a candidate for an extant balanced

polymorphism. However, loss-of-function in ATTI5� ap- ATTI5� haplotypes in the nonrecombining region
flanking the deletion (Table 2).pears to be relatively young, and thus this locus may have

influenced past evolution in the array. Comparative data Third, although the peak of polymorphism reflects
fixed differences among two haplotype classes spanningfrom A. lyrata do not shed light on this process, because

ATTI5 was also deleted in A. lyrata and the deletion site several ATTI loci, the allele frequency spectrum does

TABLE 4

Analysis of site frequency spectra for 17 accessions of A. thaliana

Tajima’s D Fay and Wu’s H

Loci Total P CDS P Total P Wall’s B

ATTI1 �1.10 NS �1.50 NS 0.46 NS 0.00
ATTI2 �2.02 0.002a �1.50 NS �5.07 0.01a 1.00
ATTI3 �0.37 NS �0.59 NS — — 0.63
ATTI4 0.63 NS 0.44 NS �7.27 0.066 0.54
ATTI5 b �0.31 NS 0.17 NS — — 0.60
ATTI6 1.05 NS 2.20 0.01a �0.48 NS 0.44

NS, not significant.
a Significant after sequential Bonferroni correction for 16 tests at the 0.05 level.
b n, four accessions.
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TABLE 5

Rates of synonymous (s) and replacement (a) substitution within A. thaliana for 17 accessions and
between A. thaliana and A. lyrata ssp. petraea

A. thaliana A. thaliana-A. lyrata

�s �a �a/�s Ks Ka Ka/Ks �s/Ks �a/Ka

ATTI1 0.0020 0.0006 0.29 0.1202 0.0322 0.27 0.02 0.02
ATTI2 0.0019 0.0006 0.30 0.1419 0.0292 0.21 0.01 0.02
ATTI3 0.0162 0.0068 0.42 — — — — —
ATTI4 0.0130 0.0092 0.71 0.2150 0.0987 0.46 0.06 0.09
ATTI5 a 0.0000 0.0045 NA — — — — —
ATTI6 0.0093 0.0071 0.76 0.2856 0.0407 0.14 0.03 0.17

Total CDS 0.0156 0.0066 0.43 0.1721 0.0489 0.28 0.09 0.14

ATTI locus 0.0071 0.0048 0.68 0.1907 0.0502 0.26 0.0308 0.0761
average

All silent 0.0135 0.1177 0.1148
(n 	 3782.8)

CDS, coding sequence. NA, not applicable.
a n, four accessions.

not provide statistical support for a balanced polymor- bution of derived sites among haplotypes also argues
strongly against introgression of a divergent allele (Ta-phism. The worldwide frequency of the ancestral haplo-

type B (estimated by the frequency of the ATTI5� allele) ble 2). One possible explanation for this pattern is fre-
quency-dependent selection for the maintenance ofwas 0.17, and nucleotide polymorphisms in linkage

disequilibrium with ATTI5 did not deviate signifi- long-lived and divergent clades as proposed by Stahl
et al. (1999) for the RPM1 pathogen-defense gene. Al-cantly from expectations under a neutral equilibrium

model (Figure 6B). Diversity across the sampled 10 kb though our peak spans an unlikely target of current
selection, a simulation study by Nordborg and Innanwas similar for both ATTI haplotype classes (HA � 	

0.0032 and HB � 	 0.0027; or if accessions with inter- (2003) argues that the peak of polymorphism need not
always be centered on the site of selection (see discus-haplotype recombination are excluded, HA � 	 0.0017

and HB � 	 0.0015), suggesting coexisting allele classes sion of ATTI6 below). However, two dominant haplo-
type classes are also a likely outcome of a neutral coales-with segregating variation of similar age. The even distri-

Figure 8.—Correlation between sequence di-
versity in the coding sequence and the coefficient
of variation in expression among seven accessions
of A. thaliana for members of the ATTI gene
family (r2 	 0.41).
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cence process without recombination (e.g., as seen ATTI3, ATTI4, and ATTI5 are located in a region with
excess species-wide polymorphism, excess indels, andwithin loci in inbreeding populations; Hudson 1990;

Aguadé 2001; Charlesworth 2003). almost complete linkage disequilibrium (Figures 4, 6,
and 7). Nonetheless, ATTI3 and ATTI4 were functionalFunctional evolution in closely linked ATTI loci: ATTI

loci exhibit substantial sequence divergence (65%), and show evidence of selective constraint (�a/�s � 1;
Table 5). ATTI3 has the common trypsin inhibitor P1differences in reactive site residues determining func-

tional specificity, and variation in constitutive as well as reactive site residue (arginine) and was the most highly
transcribed ATTI locus in both control and herbivore-induced transcription (Figures 1 and 2). In A. thaliana

there was an association of nucleotide polymorphism induced treatments (Table 1; Figure 2C). ATTI4 has
lysine at the P1 position and showed a low-to-intermedi-with ATTI transcript level as demonstrated by significant

haplotype and locus � haplotype effects on transcrip- ate transcription profile (Figure 2C). Lysine at the P1
position also results in trypsin inhibition (Polticellition (Table 1; Figure 2) and by the positive correlation

between sequence diversity and variability in transcrip- et al. 1999) and is found in unrelated trypsin inhibitors
(Ling et al. 1993). Thus, the change in reactive site attion among loci (Figure 8). This functional and molecu-

lar diversity, together with multiple recombination ATTI4 from arginine to lysine is more likely to reflect
modification of trypsin inhibition rather than an en-events (Figure 4), suggests the potential for indepen-

dent adaptive evolution among tandem duplicates in A. tirely novel function. We hypothesize that modification
of the reactive site in ATTI4 occurred within the last 5thaliana. However, the coding sequences of ATTI loci

are in close physical linkage (neighboring genes are MY (after divergence of A. thaliana and A. lyrata) be-
cause the ATTI4 ortholog in A. lyrata has the putativelyseparated on average by only 716 bp), and we estimated

significant linkage disequilibrium, particularly among ancestral arginine at the P1 position. ATTI4 also differs
from the remaining functional ATTI array members inpolymorphisms in the interior of the tandem array (Fig-

ure 4). Below, we interpret the patterns of polymor- having a C-terminal peptide that may affect regulation
of inhibitory activity toward endogenous proteases dur-phism and divergence in functionally differentiated TI

loci within the constraints of their genetic backgrounds. ing sequestration (Figure 1A; Volpicella et al. 2000;
De Leo et al. 2001a). Population genetic tests of ongoingUnique patterns of sequence diversity and expression

for the first two TI loci indicate an evolutionary history evolution by natural selection in ATTI4 were con-
founded by haplotype structure and linkage disequilib-distinct from the remaining gene family members.

ATTI1 and ATTI2 exhibit extremely low levels of intra- rium within the tandem array. Although Fay and Wu’s
H reached its nadir in the 3� region of ATTI4 (Figurespecific polymorphism in comparison to other A. thali-

ana loci (Tables 3 and 4; Figure 2A; Kawabe et al. 1997; 6C; Table 4), the statistic was also significantly negative
for the entire nonrecombining region spanning ATTI3–Kuittinen and Aguadé 2000; Savolainen et al. 2000;

Aguadé 2001; Hauser et al. 2001; Olsen et al. 2002; ATTI5 (H 	 �24.7; P � 0.001; n 	 1462 aligned non-
gapped positions). Functional analyses also pointed toTian et al. 2002; Wright et al. 2003; Ramos-Onsins et

al. 2004), average divergence from A. lyrata (Table 5; positive correlations across loci: transcription of both
functional TI loci in this linkage group differed signifi-Savolainen et al. 2000; Aguadé 2001; Ramos-Onsins

et al. 2004), and low transcript levels (Figure 2A). Both cantly among haplotypes (Figure 2B). At this juncture,
we can only comment that HA for ATTI4 had the great-loci appear to be under strong purifying selection; the

nonsynonymous substitution rate was much less than est proportional increase in expression over HB ob-
served for all loci (result not shown) and that this differ-the rate of synonymous changes (Table 5). Conservation

of the amino acid sequence in the reactive site loop ence was associated with a high local concentration of
derived polymorphisms (eight of nine polymorphismsbetween ATTI1, ATTI2, and ATTI1 orthologs in Sinapis

(MTI2) and Brassica (RTI3) also indicates functional derived in HA). One possible explanation for this pat-
tern is ongoing positive selection for the high-expres-constraint (Zhao et al. 2002). Phage display experiments

with MTI2 have demonstrated that the P3-P3� APRIFP sion ATTI4 HA allele and hitchhiking at linked loci.
Further functional experiments and population geneticreactive loop shared by ATTI1 and ATTI2 and, in par-

ticular, the arginine at the P1 position result in maximal analyses of a larger sample of accessions, including more
naturally occurring recombinants, are needed to disen-inhibition of trypsin (Ceci et al. 2003). Nonetheless, a

low �/K ratio (Figure 3) and an excess of high-fre- tangle these correlated functional and evolutionary pat-
terns.quency-derived polymorphisms concentrated in the sig-

nal peptide and 5�-UTR of ATTI2 are consistent with The function of ATTI6 in A. thaliana and A. lyrata
appears to be modified in comparison to upstream TIrecent positive selection (Figure 6, B and C; Table 4;

Clauss and Mitchell-Olds 2003). An evolutionary tra- loci. ATTI6 has lysine in place of arginine at the P1
position (as in ATTI4) and two additional amino acidjectory independent from the rest of the tandem array

was facilitated by several recombination events that re- substitutions in the P3-P3� reactive site loop in compari-
son to ATTI1 and ATTI2. The potential for independentduced the correlation between polymorphisms in ATTI1

and ATTI2 vs. downstream TI loci (Figure 4). functional evolution of ATTI6 in A. thaliana was sug-
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gested by three recombination events within and flank- of nucleotide and functional polymorphism at down-
stream loci. Our data are consistent with the hypothesising this locus (Figure 4). ATTI6 is functionally unique

among ATTI loci in that transcript levels for haplotype that interference plays an important role in limiting
adaptive evolution in densely packed tandem genes forB exceeded those of haplotype A (Figure 2B). An inter-

haplotype recombination event located �880 bp 5� of this highly selfing species. In the population genetic
context of the closely related outcrossing species, A.ATTI6 was associated with a switch from haplotype A to

B downstream and a concordant dramatic switch in lyrata, effective recombination appears to be widespread
even within ATTI loci (Clauss and Mitchell-Oldsexpression. This result identifies candidate polymor-

phisms for regulatory control of haplotype-specific 2003). Thus, constraints to functional evolution in A.
thaliana may well be ephemeral and must not necessarilyATTI6 expression and is consistent with promoter-dele-

tion experiments that have identified the 520 bp 5� of inhibit the long-term evolutionary potential of tandemly
duplicated loci.MTI2 essential for gene expression (De Leo et al. 2001a).

In addition to the distinctive pattern of expression for Population genetics of defense: Patterns of nucleo-
tide polymorphism in plant defense-related genes canATTI6, this locus also had a population genetic signa-

ture unique among ATTI loci. A significant excess of be divided into three categories. First, we find examples
that are consistent with selective sweeps, as predictedintermediate frequency polymorphisms was found in

ATTI6 (Tajima’s D 	 2.20; P � 0.01; Table 4). While by models of a coevolutionary arms race between plants
and their enemies (Bittner-Eddy et al. 2000; Bergel-we must be cautious of type I errors, we feel justified in

further exploring the change in allele frequency distri- son et al. 2001, Mondragon-Palomino et al. 2002;
Zhang et al. 2002b; Clauss and Mitchell-Olds 2003;bution at this location in the array (Figure 6B) because

of the highly significant change in expression pattern this study). Second, and contrary to the predictions
emerging from the classic arms race model, several stud-at this locus (Figure 2B). Several possible processes may

give rise to an intermediate frequency polymorphism, ies demonstrate balanced polymorphisms of ancient al-
leles, which have been interpreted in view of balancingincluding balancing selection at the ATTI6 locus, direc-

tional selection at ATTI6 constrained by selection at selection or “trench warfare” (Stahl et al. 1999; Tian
et al. 2002; Kroymann et al. 2003; Mauricio et al. 2003).linked sites (e.g., interference or traffic), or nonequil-

brium population dynamics. We reject population ad- Third, many loci display patterns that are complex and
difficult to explain under simple evolutionary modelsmixture or other forms of population structure as the

primary cause of intermediate frequency polymor- of neutrality or selection (Kawabe et al. 1997; Tiffin
and Gaut 2001; Zhang et al. 2002b; this study).phisms and elevated �a/�s observed at ATTI6, because

demographic processes are expected to be pervasive In gene-for-gene pathogen resistance, selection ap-
pears to result overwhelmingly in rapid adaptive evolu-throughout the genome and affect all site categories

(Tables 3 and 4). The role of balancing selection or tion among both alleles and paralogs (Bergelson et al.
2001). However, in more diffuse interactions involvingfrequency-dependent selection favoring alternate al-

leles at ATTI6 must be further explored via ecologically nonhost pathogen resistance or insect herbivory, selec-
tion may not follow classical gene-for-gene or race-spe-informed functional studies (e.g., Tian et al. 2003).

Interference or traffic occurs when variants are posi- cific predictions (Ellis et al. 2000; Collins et al. 2003).
In the ATTI gene family we observed purifying selectiontively selected but fail to go to fixation because of con-

flicts among multiple linked segregating sites (Kirby for five of six functionally differentiated loci. These di-
vergent TI loci may function as “fixed heterozygotes,”and Stephan 1996; Kim and Stephan 2003). If in-

creased transcript levels are selectively favored, a bal- providing an effective and ecologically flexible defense
against trypsin proteinases of the diverse specialist andanced polymorphism at ATTI6 could reflect interfer-

ence between positive selection for haplotype B at generalist herbivores and pathogens that attack Arabi-
dopsis. An effective horizontal strategy for maintainingATTI6 and positive selection for haplotype A upstream

in the ATTI3-ATTI5 linkage group (e.g., Baines et al. functional diversity through subfunctionalization may
reduce the likelihood that allelic variation at any individ-2002). Population subdivision and low outcrossing rates

in A. thaliana reduce the probability of a recombination ual locus will be subject to positive selection. The oppor-
tunity for positive selection within ATTI loci may beevent coupling two putatively selected alleles separated

by only 2100 bp (Nordborg et al. 2002). If positive further reduced by structural constraints in the mature
protein. A. thaliana trypsin inhibitor sequences showselection to fix the rare beneficial recombinant is less

effective in A. thaliana due to reduced Ne and other convergence with entirely unrelated small proteins in-
volved in protein-protein interactions whose basic struc-correlated characteristics of this inbreeding ruderal

(Charlesworth 2003), the selective conflict and, thus, ture is also given by four disulfide bonds (Ascenzi et
al. 1999; Zang and Maizels 2001; Zhao et al. 2002).the alternate alleles can have long residence times in

the global population. It is also possible that past inter- Empirical studies have demonstrated that copy number
and intergenic divergence and exchange, as well as al-ference with positive selection for haplotype A alleles

at ATTI2 or ATTI1 may have contributed to the patterns lele diversity, are all components of the evolutionary
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