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9 Abstract TwoMHC class II loci, DAB (a classical class II

10 locus) and DXB (putatively a non-classical class II locus),

11 were sequenced in samples of individuals from two popu-

12 lations of swordtail fish, Xiphophorus multilineatus and

13X. pymaeus. The DAB locus showed higher levels of

14genetic variation in the B1-encoding region, (putative

15binding region) than the DXB locus. We used two methods

16to investigate dN/dS ratios. The results from a maximum

17likelihood method based on phylogenetic relationships

18indicated positive selection on the B1 region of DAB (this

19method could not be used on DXB). Results from a coa-

20lescent-based method also showed evidence for positive

21selection in the B1 region of DAB, but only weak evidence

22for selection on the DXB. Further analyses indicated that

23recombination is an important source of variation in the B1

24region of DAB, but has a relatively small effect on DXB.

25Overall, our results were consistent with the hypothesis that

26the DAB locus is under positive selection driven by antag-

27onistic coevolution, and that the DXB locus plays the role of

28a non-classical MHC II locus. We also used simulations to

29investigate the presence of an elevated synonymous sub-

30stitution rate in the binding region. The simulations

31revealed that the elevated rate could be caused by an

32interaction between positive selection and codon bias.

33

34Keywords Swordtail fish � Major histocompatibility

35complex � Positive selection � Non-classical MHC II locus

36

37Introduction

38Classical MHC class I and class II loci are responsible for

39presenting peptides to T cells. The interaction of the peptide-

40MHC class II complex with a T cell receptor (TCR) and its

41co-receptor CD4 is the crucial step in initiating an immune

42response (Wang and Reinherz 2002). The classical MHC

43genes are typically polygenic and polymorphic, and in fact

44are the most polymorphic gene system known in vertebrates

45(Hughes 1999). This variability is probably driven by
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46 overdominance or negative frequency-dependence in the

47 context of antagonistic parasite–host coevolution. This the-

48 ory is supported by the observation that the most extensive

49 variability found among MHC class II genes is found in the

50 regions that encode the peptide binding region (the B1

51 region), and that variability is a result of positive selection

52 (Hughes 1999, 2002). In contrast, nonclassical MHC class II

53 genes encode proteins that perform functions other than

54 antigen presentation to T helper cells, such as regulating the

55 loading and unloading of peptide onto classical MHC mol-

56 ecules, and are not associated with high levels of

57 polymorphism (Alfonso and Karlsson 2000).

58 Classical MHC class II proteins, after synthesis and

59 transport into the ER of antigen presenting cells (APC),

60 bind invariant chain (Ii), a protein chaperone (Cresswell

61 1996). The Ii guides MHC class II molecules out of the ER

62 and targets them to MHC class II compartments (MIICs)

63 where most peptide loading occurs (Neefjes 1999). Within

64 the MIICs, Ii is degraded by proteases, leaving only a small

65 fragment in the peptide binding pocket of MHC known as

66 CLIP, or class II-associated Ii peptide (Robbins et al. 1996).

67 In humans, CLIP is released from the CLIP-MHC class II

68 complex either spontaneously or with the aid of nonclassi-

69 cal MHC class II HLA-DM heterodimer, which serves as a

70 lysosomal chaperone (Alfonso and Karlsson 2000).

71 Another nonclassical MHC class II protein identified in

72 humans, HLA-DO, is thought to associate with DM in B

73 cells and inhibit the function of DM in endosomes

74 (Kropshofer et al. 1998). Nonclassical class II genes are

75 structurally similar to classical MHC class II genes in that

76 they encode a leader sequence, a1, and a2 (or B1 and B2)

77 domains, connecting peptide, a transmembrane segment,

78 and a cytoplasmic tail. However, in exon 3, the most

79 conserved exon, nonclassical MHC class II genes are more

80 divergent from classical MHC class II genes than classical

81 MHC class II genes are from each other (Servenius et al.

82 1987). Nonclassical MHC genes are generally much less

83 polymorphic than classical MHC genes (Alfonso and

84 Karlsson 2000).

85 MHC class II genes have been studied in many species of

86 fish, but putative nonclassical MHC class II loci have only

87 recently been identified (Roney et al. 2004). McConnell

88 et al. (1998a) identified and characterized two highly

89 divergent types of class IIB loci,DAB andDXB, in fish of the

90 genus Xiphophorus. The putative nonclassical class II locus,

91 DXB, was identified largely based on the sequence diver-

92 gence between DXB and DAB, and the presence of

93 alternative RNA splicing found only in DXB transcripts

94 (Roney et al. 2004). The presence of bothDAB andDXB has

95 only been confirmed in the Xiphophorus species X. helleri,

96 X. maculatus, X. multilineatus, X. pygmaeus, and the guppy

97 Poecilia reticulata (McConnell et al. 1998a, 1998b; Roney

98 et al. 2004). Xiphophorus fishes have been used in research

99of the immune system well over fifty years (Kallman 1958,

1001964). Backcrosses between certain strains of helleri and

101maculatus can result in fish that develop malignant mela-

102noma, among other diseases (Anders et al. 1994; Kazianis

103et al. 2001). The availability of inbred strains and the initial

104characterization of MHC DAB and DXB genes in Xipho-

105phorusmake the genus an excellent system in which to study

106evolutionary dynamics of MHC class II genes.

107In this study, we investigate the evolution of these genes

108in a comparative framework, using DNA sequences from

109several different populations of two different species of fish

110from the genus Xiphophorus: X. multilineatus and X. pyg-

111maeus. In particular, we focus on the differences between

112DXB and DAB in terms of levels of polymorphism and

113patterns of molecular evolution.

114The hypothesis that DXB represents an MHC locus

115equivalent to a nonclassical class II locus such as the HLA-

116DM locus in humans predicts that this locus will be under

117different selection pressures than DAB, which is a classic

118MHC locus involved in the binding of foreign peptides.

119The DAB locus should be intimately involved in the con-

120tinual antagonistic coevolution that characterizes the

121interaction between immune system genes and parasite

122genes (Hughes 1999). Antagonistic coevolution drives

123diversifying selection, in which selection favors new pro-

124tein variants in both the hosts and parasites (Hughes 1999).

125Therefore, we expect higher levels of polymorphism to

126occur in DAB relative to DXB, and we expect the action of

127diversifying selection to be stronger and more pervasive on

128DAB than on DXB.

129We first briefly characterize levels of polymorphism in

130these two loci.We then investigate levels of trans-population

131and trans-species polymorphism in DAB, to determine the

132degree of ancient polymorphism present at this locus. To test

133the prediction of higher polymorphism and of stronger

134diversifying selection on theDAB locus than theDXB locus,

135we analyze the ratio of non-synonymous to synonymous

136substitution rates.

137Materials and methods

138Fishes

139Xiphophorus multilineatus specimens were captured in the

140Rio Coy (21�450000 N, 98�5702500 W) and the Arroyo

141Tambaque (21�410600 N, 99�203000 W), San Luis Potosi state,

142Mexico.Xiphophorus pygmaeus specimens were captured at

143two locations on the Rio Huichihayán 21�28048.100 N,

14498�580000 W and 21�2708.800 N, 98�56018.800 W), San Luis

145Potosi state, Mexico, near the towns of Huichihyayán and La

146Y-Griega Vieja. Thirty-nine specimens were collected (25

147X. multilineatus and 14 X. pygmaeus).
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148 RNA isolation, cDNA preparation, and PCR conditions

149 Intestinal tissue RNA samples obtained from the 39 Xipho-

150 phorusfisheswere obtained using the Trizol reagent protocol

151 (Life Technology Inc., Gaithersburg, MD) and converted

152 into single-stranded cDNA using the Gibco First Strand

153 preamplification system with Oligo-dT (Life Technology

154 Inc., Gaithersburg, MD). Single-stranded cDNA samples

155 were then used to amplify MHC class II DAB and DXB

156 transcripts using the identical primer sets and reaction con-

157 ditions as previously described (Roney et al. 2004,

158 McConnell et al. 1998a). Briefly, all DAB and DXB tran-

159 scripts were isolated using a modified Polymerase Chain

160 Reaction +1 (PCR +1) method to eliminate or minimize

161 any possibility of chimeric PCR artifacts (Borriello and

162 Krauter 1990; Hardee et al. 1995). DXB PCR +1 fragments

163 were produced using primers TM341 (50-ATCTCTGT

164 TGCCAATCTAAGA-30), TM328 (50-ATGTGTAAAAG

165 GCTAAATGAT-30), and TM342 (50-GAGAAGCTTAT-

166 CTCTGTTGCCAATCTAAGA-30) for the+1 step (HindIII

167 site is underlined). DAB PCR +1 fragments were produced

168 using primers TM396 (50-GCTGGGCTGGCTGCTGGT-

169 CAT-30), TM398 (50-GAAGCAGGAGGAACCAGAACC-

170 30), and TM399 (50-AGAAAGCTTGCTGGGCTGGCTG

171 CTGGTCAT -30) for the +1 step. DXB transcripts were

172 amplified by combining 50 ng of the single stranded cDNA

173 sample, 19 Clontech Advantage cDNA Polymerase Mix

174 (BD Biosciences, Palo Alto, CA), 19 cDNA PCR Reaction

175 Buffer (BDBiosciences, PaloAlto, CA), 0.2 mMdNTP (BD

176 Biosciences, Palo Alto, CA), 1 mM Primer TM328 and

177 0.2 mM primer TM341. This mixture was held at 94(C for

178 1 min, then cycled through 94(C for 1 min, 62(C for 1 min,

179 and 68(C for twominutes for 35 times in aMJResearch PTC-

180 200 Peltier Thermal Cycler (Waltham, MA) heated lid

181 thermocycler. The ‘‘+1’’ cycle was performed as previously

182 described (Roney et al. 2004), and the resulting DNA was

183 ligated into pGEM-T Easy (Promega Corporation, Madison,

184 WI). After electroporation of ligated plasmid into TOP 10

185 Ultracompetent Cells (Invitrogen, La Jolla, CA) via elec-

186 troporation at 1.5 kV, 200 lF, and 25 F in a 0.1 cm cuvette,

187 plasmid DNA that was isolated and linearized by the enzyme

188 HindIII was selected for DNA sequencing, as linearization

189 indicated that the clone contained a PCR +1 gene fragment.

190 DNA sequencing

191 From each individual fish, at least one PCR +1 positive

192 plasmid clone from DAB and from DXB was sequenced,

193 using Universal Forward, Universal Reverse, and gene

194 specific sequence primers. Sequencing reactions followed

195 the protocol recommended by Applied Biosystems (Foster

196 City, CA) using 1 ll of primer, 2 ll Big Dye Terminator

197 and 2 ll Big Dye Buffer (Applied Biosystems, Foster City,

198CA), and 200–500 ng of plasmid DNA for 26 cycles in an

199MJResearch PTC-200 Peltier Thermal Cycler (Waltham,

200MA). The reaction mixtures were processed on an ABI

201Prism 377 Sequencer (Foster City, CA). The resulting

202electropherograms were edited and assembled in AutoAs-

203sembler (Perkin-Elmer Applied Biosystems, Foster City,

204CA). Individual sequences were verified as DXB and DAB

205transcripts using the NCBI BLAST program (Altschul

206et al. 1990). None of the cDNA clones analyzed included

207primer-induced sequence. GenBank accession numbers for

208the sequences are as follows (accession numbers will be

209added upon acceptance of the manuscript).

210In order to be conservative and avoid analyzing PCR

211and cloning artifacts, we filtered the DAB sequences as

212follows for the analyses of positive selection (the complete

213datasets for each locus were used for analyses of within-

214population polymorphism, because the results were very

215similar to the results from analysis of the culled datasets):

216First, we created a dataset consisting of unique haplotypes

217(N = 37 sequences). We then created a more restricted

218dataset (N = 14) consisting of only haplotypes that were

219independently replicated across individuals (which we will

220refer to as the ‘‘core dataset’’). Given the extreme vari-

221ability of the DAB sequences, it is virtually impossible that

222identical sequences would be present in two distinct indi-

223viduals as the result of independent PCR or cloning

224artifacts. Hence the core dataset is highly unlikely to

225include any artificial haplotypes. For the analyses of

226positive selection, we analyzed both the unique haplotype

227and the core datasets. Also, multiple independent PCR

228amplifications and sequencing reactions were performed

229for DAB on a single fish specimen, resulting in eight near

230identical sequences. These eight sequences consisted of

231four identical sequences, three sequences that differed by a

232single nucleotide, and one sequence with two differing

233nucleotides. Therefore the many apparently distinct DAB

234alleles, differing from one another by 40–50 nucleotides,

235represent true alleles and are not the product of RT or Taq

236errors. Any ambiguous sites in differentiating alleles (a

237maximum of two sites per sequence) were assigned an ‘‘N’’

238in analyses.

239The DXB locus is much less polymorphic than the DAB

240locus (see below), and the variation among sequences is

241confined to small numbers of single nucleotide differences.

242Hence it was not possible to obtain a restricted (core)

243dataset with the method used for DAB. For DXB, we ana-

244lyzed three datasets: the complete (original) dataset, a

245dataset consisting of only unique haplotypes, and a dataset

246consisting of the haplotypes of the same individuals as the

247restricted dataset for DAB. We note that the analysis of the

248full dataset for DXB is conservative with respect to our

249hypothesis, given that PCR and cloning artifacts should

250enhance variation among sequences.
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251 Sequences used for the cross-species analysis for DAB

252 were taken from GenBank: Morone saxatilis (GI: 501167),

253 Scophthalmusmaximus (GI: 62901681),Stizostedion vitreum

254 (GI: 37724342), Pagrus major (GI: 37779051), Oryzias lat-

255 ipes (GI:7527374), Poecilia reticulata (GI:976097),

256 Xiphophorus maculatus (GI: 2961096).

257 Sequence analysis

258 Sequences were aligned in Clustal X (Thompson et al.

259 1997), and checked by eye. Alignment was straightforward

260 as there were very few gaps. Levels of polymorphism

261 within populations and levels of divergence between pop-

262 ulations were estimated in the program DnaSP (Rozas et al.

263 2003). Gene trees were estimated via parsimony and

264 maximum likelihood in PAUP 4.0b10 (Swofford 2003).

265 The coalescence of the most parsimonious gene trees

266 within the species and populations tree was estimated with

267 the coalescent simulation module in MESQUITE 2.0

268 (Maddison and Maddison 2007).

269 We used comparative sequence analysis methods to

270 search for a signal of selection across individuals, popu-

271 lations and species. For cross-species analyses, we used

272 maximum likelihood methods (implemented in the

273 CODEML program of the PAML package (Yang 1997)) to

274 investigate the ratio of nonsynonymous to synonymous

275 substitution rates, or omega (x). A value of omega greater

276 than one indicates the action of positive selection (Yang

277 and Bielawski 2000).

278 We carried out a cross-species comparison of x for

279 DAB, using sequences from a variety of other species

280 obtained from the literature, as listed above (this could not

281 be done for DXB, as this locus has been sequenced in only

282 a few species as yet). For the cross-species comparisons,

283 we used tree topologies that represented a combination (an

284 informal supertree) of well-supported phylogenetic trees

285 from the recent molecular systematics literature (see online

286 supplement for details).

287 For the analysis of x across species, we used the branch

288 and codon-specific model MA implemented in CODEML

289 (Zhang et al. 2005). The significance of evidence for

290 positive selection was tested with a log-likelihood ratio test

291 (LRT), and specific sites under positive selection were

292 identified using a Bayesian method (the Bayes Empirical

293 Bayes method).

294 The methods implemented in CODEML are designed to

295 be used for the analysis of separate lineages in a phylo-

296 genetic framework (Yang 2001). This is not a problem for

297 our cross-species analysis, but is a potential problem for the

298 datasets containing multiple sequences from the same

299 population and species. Previous research indicates that

300 recombination can be extensive in MHC loci (Doxiadis

301 et al. 2006). Recent simulation studies (Anisomova et al.

3022003) indicate that substantial recombination among

303sequences can cause these methods to confuse recombi-

304nation with positive selection. In this study, recombination

305among sequences within a population is a distinct possi-

306bility, as is recombination between populations, and even

307between species (the amount of hybridization is unknown).

308To investigate the influence of recombination, we used

309the computer program LDhat (McVean et al. 2002). LDhat

310estimates recombination rate using the composite-likelihood

311method developed by Hudson (2001), but the model is

312extended by using a finite-sites model to estimate the like-

313lihood of two-locus haplotypes under the coalescent

314(McVean et al. 2002). Under coalescent theory, one can

315estimate q = 4Ner, where Ne is the effective population size

316and r is the recombination rate. The estimate of recombi-

317nation is conditioned on theta (h), which is estimated using a

318finite-series version of theWatterson estimator. This method

319is less subject to false positives because it takes into account

320the probability of recurrent substitutions, which can generate

321patterns of variation interpreted as evidence of recombina-

322tion under some methods. Simulation studies indicate that

323the method implemented in LDhat provides accurate esti-

324mates of the relative contributions of point mutation and

325recombination to the observed sequence variation, even

326when both occur at high rates (Richman et al. 2003). The

327composite likelihood model implemented in LDhat does not

328take selection into account. However, recent simulation

329studies indicate that the method performs very well even in

330the presence of selection (Richman et al. 2003).

331One caveat with respect to the data analyzed here is that

332the method implemented in LDhat assumes the data come

333from a single-locus, with intragenic recombination. Previ-

334ous research (McConnell et al. 1998a) indicates that this is

335the case for DXB in Xiphophorus, but we cannot be sure

336that that is true for the Xiphophorus DAB data. Neverthe-

337less, the method provides a useful first step in estimating

338the relative contributions of mutation and recombination in

339producing the sequence variation that characterizes the

340MHC II DAB gene region of Xiphophorus.

341In order to address the evidence for positive selection on

342point mutations explicitly, we used a recently developed

343maximum likelihood method that does not utilize a phy-

344logenetic framework, but rather uses the coalescent as a

345framework for the analysis of x, implemented in the pro-

346gram omegaMap (Wilson and McVean 2006). The method

347estimates two focal parameters, the selection parameter (x)

348and the recombination rate (q), as well as the transition-

349transversion ratio (j) and the insertion/deletion rate (/).

350Because there can be multiple phylogenetic trees along the

351sequence (due to recombination), the trees are treated as a

352nuisance parameter and the likelihood function is averaged

353across all possible trees and branch lengths. The addition of

354recombination makes the calculation of likelihoods highly
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355 computationally intensive, so an approximation to the

356 likelihood in the presence of recombination developed by

357 Li and Stephens (2003) is used. This method uses a hidden

358 Markov model to incorporate key properties of the proper

359 likelihood while improving computational efficiency. The

360 model of Nielsen and Yang (1998) is used to specify the

361 transition rates among codons, with a modification that

362 allows the addition of an insertion/deletion rate (Wilson

363 and McVean 2006). The method employs a Bayesian

364 framework, using a Markov Chain Monte Carlo approach

365 to sample the likelihood surface and estimate posterior

366 probabilities.

367 The model employs a flexible blocking structure imple-

368 mented in the prior distribution onx. This approach is based

369 on the multiple change-point model of Green (1995) and

370 developed by McVean et al. (2004). It allows estimation of

371 variable recombination rates along a sequence. The blocking

372 structure reduces that computational load and exploits the

373 information available in the sequence more thoroughly.

374 Simulation studies and studies on sample datasets sug-

375 gest that the method performs well, and that estimates of x

376 do not confound estimates of q or vice versa (Wilson and

377 McVean 2006). The method requires that prior distributions

378 be used for each of the parameters: For the initial runs, we

379 used the following prior distributions and ranges or initial

380 values: x = inverse (0.01–100), q = inverse (0.01–100),

381 l = improper inverse (0.1), j = improper inverse (3.0), /

382 = improper inverse (0.1), as suggested in the omegaMap

383 documentation (Wilson 2006). Each combination of gene

384 and species was run at least twice, and the posterior prob-

385 abilities for each key parameter (x, q, l, j, /) were

386 examined to insure that the results were consistent between

387 the independent runs. We also ran each combination of gene

388 and species using two different blocking structures for the

389 prior distribution on x: 30 codons and 5 codons. To

390 determine the sensitivity of the analyses to the distribution

391 and initial values chosen for the priors, we carried out two

392 other runs for each locus using alternatives as follows: Prior

393 A: exponential distribution, with mean 0.07 for l, mean 3.0

394 for j, mean 0.1 for /, mean 1.0 forx, and 0.1 for q; Prior B:

395 a uniform prior distribution was used for l and q, with range

396 0–10, an exponential ratio distribution for j, with median

397 equal to 1.0, an exponential prior distribution of / with a

398 mean of 1.0, and gamma distribution for x, with a mean of

399 1.0 and a value of 2.0 for the shape parameter (Wilson and

400 McVean 2006). For each analysis, we ran 500,000 genera-

401 tions. To summarize the data, we used the Summarize

402 module of the omegaMap program, which summarizes the

403 results from every 100th generation of the run. A burnin of

404 25,000 generations was used, and the data was visualized in

405 Microsoft EXCEL.

406 We note that both intra- and inter-locus recombination

407 are potentially important sources of adaptive variation in

408the MHC (Reusch and Langefors 2005). In some cases,

409recombination appears to play a dominant role in produc-

410ing adaptive variation at the MHC (Richman et al. 2003).

411Hence, we used LDhat (McVean et al. 2002) to charac-

412terize the relative contributions of point mutation and

413recombination to variation in the MHC II DAB and DXB

414loci of both species, and we used omegaMap to investigate

415positive selection on point mutations, controlling for

416recombination.

417Simulation of positive selection and codon bias

418Wewished to test whether the elevated dS of theB1 region, as

419compared to the remainder, of DAB could be explained by a

420combination of positive selection on nonsynonymous sites

421due to selection at the protein level and positive selection on

422synonymous sites due to codon bias. In order to test this

423possibility, we took a simulation approach. The approach

424was to first infer the DNA sequence ancestral to all of the

425extant sequences used in this analysis and then evolve the

426ancestral sequence toward each of the extant sequences in a

427three-step process: (1) introduce the minimum number of

428nonsynonymous substitutions necessary to produce codons

429that code for the amino acids coded by the target extant

430sequence (not necessarily the codons of the extant sequence),

431thus simulating selection at the protein level; (2) introduce

432random synonymous substitutions at the rate estimated from

433pairwise comparisons of the non-B1 region (0.009 substitu-

434tions per site), which represents the background mutation

435rate; and (3) introduce any additional synonymous substi-

436tutions required to produce the most preferred codon of each

437codon family in the target sequence (not necessarily the

438codons of the extant sequence), thus simulating selection for

439preferred codons. This was conducted for the B1-coding and

440the non-B1-coding regions separately. The third step was

441used simply to determine whether codon selection is neces-

442sary to explain the elevated dS in B1 that may otherwise arise

443because of positive selection on nonsynonymous sites alone

444(due to different codons being used to code for the same

445amino acid in different sequences). Because codon bias is

446expected to affect both regions equally, any difference in dS
447due to codon selection between the two regions must be due

448to its interaction with positive selection on nonsynonymous

449sites in B1.

450The ancestral sequence was inferred from 40 DAB

451sequences deemed to be unique alleles. These sequences

452were chosen by randomly eliminating all but one sequence

453from clusters, in a Neighbor-Joining tree, in which

454sequences diverged by a distance of\0.003 substitutions

455per site (the maximum intra-individual value). The ances-

456tral sequence was then inferred from a Neighbor-Joining

457tree of the 40 remaining sequences using a Bayesian

458method implemented in PAML. The values of dS and dN
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459 were estimated using the Nei-Gojobori method with pair-

460 wise sequence comparisons of Jukes-Cantor-corrected

461 distances, using MEGA2 (Kumar et al. 2001).

462 Results

463 The total number of transcripts analyzed in the complete

464 dataset were: 25 X. multilineatus DXB, 15 X. pygmaeus

465 DXB, 50 X. multilineatus DAB, and 28 X. pygmaeus DAB.

466 The B1 region through the cytoplasmic tail-encoding

467 region (CT) of DXB is 702 nucleotides (234 amino acids) in

468 length while DAB is smaller with 687 nucleotides (229

469 amino acids). We also used several reduced datasets in the

470 analyses of selection (see above). DAB and DXB nucleotide

471 transcripts and protein sequences from each species were

472 aligned, and were 56 and 44.5% identical, respectively.

473 A standard measure of nucleotide diversity (Pi) showed

474 DAB to be substantially more polymorphic than DXB

475 (Table 1). In DAB, polymorphism was similar between

476 species, and was clustered mostly within the first 300

477 nucleotides, which corresponds to the B1 region and the

478 first 40 amino acids (out of 278) of the b2-encoding (B2)

479 region. The observed polymorphism in DXB was not

480 clustered into any particular domain. The small amount of

481 variability found in DXB is mainly localized around three

482 particular nucleotide positions (520, 525, 527) that are

483 within the B2 region and consist of G–A transitions.

484 The average number of nonsynonymous substitutions

485 per nonsynonymous site (dN) for DAB was much higher in

486 the B1 region than in the rest of the transcript (Table 2).

487 The dS for the B1 region of X. multilineatus was slightly

488 higher than that of X. pygmaeus. Xiphophorus pygmaeus

489 had a slightly higher dN.

490The dS and dN of DXB B1 region are very different from

491that of DAB (Table 2). The observed numbers of both

492synonymous and nonsynonymous substitutions per site (dN
493and dS) in the B1 was higher for DAB than for DXB

494(Table 2). The dS of the B1 are small (0.006), and are

495actually less than that found in the remainder of the DXB

496transcript (0.016), versus the large dS for the B1 of DAB.

497The dN is higher than the dS for DXB B1 (0.020 and 0.006),

498and higher than the dN found in the remainder of the

499transcript (0.009). However, the dN in the B1 region

500observed in DAB is much larger. Xiphophorus multilinea-

501tus had a slightly higher dS than that of X. pygmaeus in the

502analysis of the B2 region through the cytoplasmic tail

503region.

504The coalescent analysis revealed extensive lack of

505reciprocal monophyly among species (and populations), or

506trans-species polymorphism. Figure 1 illustrates this for

507one of the set of most parsimonious gene trees fitted into a

508‘‘contained tree’’ (the hypothetical population and species

509tree), using the program MESQUITE (the results are sim-

510ilar no matter which tree of the set is used). Much of the

511polymorphism across these populations and species is

512ancestrally retained, indicating that analyses of selection

513should focus on all of the sequences as a single set subject

514to similar selection pressures (Richman et al. 2007).

515The cross-specific analysis of x at the DAB locus with

516CODEML yielded abundant evidence for positive selec-

517tion, as has been found in previous analyses of the MHC in

518other taxa. The branch specific analysis (model MA)

519showed a very high value of x: 321.7 at between 2 and 3%

520of the codon sites. The LRT for the comparison of MA with

521MA (fixed x) was significant (v2 = 27.58, P\ 0.05). The

522Bayes Empirical Bayes (BEB) method detected significant

523probabilities of positive selection at two sites in the anti-

524gen-binding region, site 69 and 83. Surprisingly, significant

525probabilities of positive selection were also detected at

526three sites outside of the binding region: 208, 241 and 242.
Table 1 Levels of polymorphism and genetic divergence between

populations of X. multilineatus and X. pygmaeus, for the DAB and the

DXB locus, calculated in the program DnaSP (Rozas et al. 1999)

Species Population Locus N NHaps HapDiv NucDiv(Pi)

Ximu Rio Coy DAB 24 22 0.993 0.057

Ximu A.T. DAB 26 22 0.981 0.074

Ximu Rio Coy DXB 11 9 0.946 0.013

Ximu A.T. DXB 13 10 0.923 0.015

Xipy Huich. 1 DAB 12 9 0.955 0.047

Xipy Huich. 2 DAB 15 15 1.000 0.062

Xipy Huich. 1 DXB 7 5 0.857 0.009

Xipy Huich. 2 DXB 9 9 1.000 0.018

N, Number of sequences; NHaps, number of haplotypes; HapDiv,

haplotype diversity; NucDiv (Pi), nucleotide diversity; Ximu, X. mul-

tilineatus; Xipy, X. pygmaeus; A.T., Arroyo Tambaque; Huich 1 & 2,

Rio Huichihayan, site 1 and site 2

Table 2 Average number of substitutions in DAB and DXB: dS (dN)

refer to the average number of synonymous (nonsynonymous)

substitutions per synonymous (nonsynonymous) site

DAB DXB

dS S.E. dN S.E. dS S.E. dN S.E.

B1 0.136 0.023 0.159 0.019 0.006 0.002 0.020 0.006

Ximu 0.157 0.021 0.137 0.024 0.005 0.003 0.020 0.005

Xipy 0.130 0.023 0.147 0.020 0.010 0.006 0.019 0.005

B2-CT 0.016 0.006 0.010 0.004 0.016 0.007 0.009 0.003

Ximu 0.015 0.006 0.009 0.003 0.019 0.007 0.007 0.003

Xipy 0.018 0.007 0.011 0.004 0.007 0.005 0.011 0.003

S.E., Standard error. B1 and B2-CT refer to specific regions (see text).

Species averages follow the combined averages. Ximu, X. multiline-

atus; Xipy, X. pygmaeus
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527 Elevated probabilities of positive selection were also

528 detected at a number of other sites in the binding region:

529 Site (probability): 23 (0.83), 26 (0.91), 28 (0.91), 42 (0.77),

530 53 (0.79), 54 (0.68), 96 (0.60), 97 (0.54), and 99 (0.57).

531 The analyses with omegaMap also revealed evidence for

532 selection on DAB. Figure 2f presents the results from the

533 analysis of the core dataset (the analysis of the unique

534 dataset produced virtually identical results). The point

535 estimates indicate multiple regions in which x is far above

536 one. Posterior probabilities of positive selection were sig-

537 nificant (above 95%) for each of these regions. The

538 minimum estimates for the 95% highest posterior proba-

539 bility densities (HPDs) remained far above one in each

540 region where selection was detected. Running the analyses

541 with alternative priors did not affect the significance of the

542 results for DAB (results not shown). For DXB, analysis of

543 each dataset also showed evidence for positive selection on

544 point mutations in the B1 region, but the estimated average

545 levels were consistently far lower than for DAB (Fig. 3).

546 Figure 3 shows the results for the core dataset for DXB, but

547 the results were equivalent no matter which of the three

548 DXB datasets was analysed. For DXB, regions of positive

549 selection were not confined to the B1 region, but were also

550 found in other parts of the sequence (Fig. 3). In contrast to

551 the results from DAB, the minimum of the HPD was typ-

552 ically less than one, indicating that the evidence for

553 positive selection on the DXB was weak. The posterior

554probabilities of positive selection for the estimates for the

555regions of DXB estimated to have an omega greater than

556one did exceed 95%, but, in contrast to DAB, this result

557was sensitive to the choice of prior. For example, under the

558exponential prior with the mean of x set to 1.0, none of the

559regions showing positive selection had a posterior proba-

560bility of 95% or above (results not shown). Hence, the

561signal of positive selection for the DXB locus was rela-

562tively weak, and strongly influenced by the prior.

563Our analyses of recombination indicate that recombi-

564nation does play an important role in producing and

565maintaining the variation seen in these MHC sequences.

566For X. multilineatus, the Watterson estimate of 4Nel or h

567(using the LDhat program) was equal to 43.09 (for DAB)

568and 10.44 (for DXB). For X. pygmaeus, the corresponding

569values for h were 44.17 (DAB) and 8.14 (DXB). For

570X. multilineatus, the maximum likelihood estimate of 4Ner

571was 18 for DAB and 3 for DXB. For X. pygmaeus, the

572corresponding values for 4Ner were 44 (DAB) and 2 (DXB).

573In each case the evidence for recombination was highly

574significant using a likelihood permutation test (P\ 0.000).

575The minimum number of recombination events, estimated

576by the method of Hudson and Kaplan (1985), was 28 for

577X. multilineatus DAB, 38 for X. pygmaeus DAB, 1 for

578X. multilineatus DXB, and 1 for X. pygmaeus DXB. This

579provides further evidence that levels of recombination in

580DAB are substantially higher than in DXB.

Fig. 1 A ‘‘contained tree’’,

showing the coalescence of the

haplotypes of the DAB gene tree

within the population and

species tree of Xiphophorus

investigated in this study. The

contained tree was created in the

program MESQUITE 2.0

(Maddison and Maddison 2007)
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581 One unusual feature identified in this study is that both the

582 nonsynonymous and the synonymous rates of substitution

583 are highly elevated in the B1 region of DAB, relative to the

584 remainder of the gene (B2-CT). One possible reason for the

585 increase in synonymous substitutions is codon bias, which

586 occurs when one or more triplet codes for the same amino

587acid are commonly used and other triplet codes for the same

588amino acid are rare. One explanation for codon bias is that in

589highly expressed genes, more abundant transfer RNAs

590(tRNAs) are used in proteins and less abundant tRNAs are

591thought to be eliminated by purifying selection (Nei and

592Kumar 2000). Another potential source of codon bias is
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Fig. 2 Plot of omega versus

codon position across the gene

estimated from the omegaMap

run for the DAB core dataset,

using standard priors (see text).

The markov chain monte carlo

was run for 500,000 generations

in each case, with aburnin of

25,000 generations. The point

estimate for omega is shown in

black, and the 95% minimum

for the posterior probability

density is shown in white.

Figures show codon positions

across the X axis, and estimates

of omega on the Y axis
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Fig. 3 The same as Fig. 2,

except that the omega estimates

for DXB, rather than DAB, are

plotted
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593 mutational pressure to go from CG to AT or vice versa at

594 silent first and third codon positions (Nei and Kumar 2000).

595 We used simulation to test whether the elevated dS seen in

596 DAB could (in part) be caused by an interaction between

597 positive selection and codon bias at this locus. Such an

598 interaction could give rise to an elevated dS if selection at the

599 protein level does not necessarily produce themost preferred

600 codon of a codon family, leading to subsequent selection for

601 preferred codons and hence a higher dS (Lipman andWilbur

602 1984; DuMont et al. 2004; Comeron and Kreitman 1998).

603 The results show that the first step of the simulation

604 (positive selection at the protein level) was sufficient to

605 account for dN observed for the B1 region, but that the third

606 step (selection for preferred codons) was necessary to account

607 for dS in this region (Table 3). Similarly, the first step was

608 sufficient to account for the observed dN in the non-B1 region,

609 but, in contrast, the second step (mutation) was sufficient to

610 account for dS in this region (Table 3). These results support

611 the hypothesis of an interaction between codon selection and

612 positive selection (which occurs for B1 only) being respon-

613 sible for the elevated dS observed for the B1 region.

614 Discussion

615 DAB andDXB are highly divergentMHCclass IIB-like genes.

616 Both genes encode a B1 region, B2 region, a connecting

617 peptide, transmembrane membrane, and cytoplasmic tail, yet

618 are only about 45% identical.DAB is highly polymorphic, and

619 is most variable in the region that corresponds to the encoded

620 peptide binding pocket (B1). Classical MHC class II B-like

621 genes also follow this pattern. In humans, classicalMHCclass

622 II genes are more polymorphic than class I A genes, and have

623 dN values ranging from 0.10 to 0.20 in the B1 regions of the

624three classical MHC class II loci (HLA-DR, DQ, and DP)

625(Hughes and Yeager 1998a). These dN values are comparable

626to the dNvalue (0.16)observed for theB1 regionofDAB in this

627study.

628These extreme levels of polymorphism are thought to be

629maintained by overdominant selection or negative fre-

630quency dependent selection, and this selection is thought to

631be targeted specifically to the part of the gene that encodes

632the peptide binding region (Hughes and Yeager 1998a).

633Studies of MHC class II B polymorphism in a variety of

634species have supported the hypothesis that class II genes

635are under positive selection (Edwards et al. 1998; Hughes

636and Nei 1989; Hedrick et al. 2002). In fish, evidence for

637positive selection on MHC class II loci has been found in a

638number of fish, including danio, trout, several species of

639cichlid, and salmon (Figueroa et al. 2000; Graser et al.

6401996; Miller and Withler 1996). In this study, the level of

641DAB polymorphism data is consistent with the hypothesis

642of overdominant or negative frequency-dependent selec-

643tion, which suggests that the DAB encoded b-chain

644probably plays a classical role in Xiphophorus.

645Our analysis of the coalescence of DAB haplotypes

646across populations and species of Xiphophorus indicates

647that both trans-population and trans-species polymorphism

648is extensive for this locus (Fig. 1). This is consistent with

649the persistent action of diversifying selection on this locus.

650The cross-specific analyses of positive selection using the

651branch- and codon-specific model (MA) in the CODEML

652program showed evidence for strong positive selection

653acting on the branch connecting all other species to

654X. multilineatus and X. pygmaeus, and the LRT was highly

655significant. The Bayes Empirical Bayes method indicated

656that there are a number of sites in the B1 region with sig-

657nificant posterior probabilities of positive selection.

658Analyses using omegaMap to estimate selection on point

659mutations independent of recombination also showed

660strong evidence of positive selection in the B1 region. The

661signal of selection was robust to variation in the mean and

662distribution of the prior on omega.

663The results from the omegaMap analyses address posi-

664tive selection on point mutations, and exclude the effects of

665recombination. Of course, recombination itself is likely an

666important mechanism for generating haplotype variation at

667this locus. In sexual species, recombination can rapidly

668generate new haplotypes by combining new protein vari-

669ants that have arisen through separate mutation events

670within a single population. This is a crucial source of

671variation in sexually reproducing species. In fact, accord-

672ing to the red queen hypothesis developed by William D.

673Hamilton and others, immune system genes are likely to be

674key loci with respect to selection for the maintenance of

675sexual recombination itself (Hamilton et al. 1990). Several

676recent studies have identified recombination as the primary

Table 3 Simulation of the combined effects of positive selection of

nonsynonymous sites and selection of preferred codons on DAB

regions

Simulation Beta-1 Non-beta-1

Stepa Replicate dS dN dS dN

1 1 0.033 0.181 0.004 0.013

2 0.033 0.180 0.004 0.013

3 0.032 0.181 0.003 0.014

2 1 0.050 0.181 0.018 0.013

2 0.048 0.181 0.025 0.013

3 0.049 0.181 0.021 0.014

3 1 0.152 0.191 0.013 0.016

2 0.152 0.191 0.013 0.016

3 0.152 0.191 0.013 0.016

Extant 0.153 0.183 0.018 0.013

a Simulation steps: (1) protein selection; (2) mutation; (3) preferred

codon selection
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677 mechanism producing variation in the peptide binding

678 region of MHC class II sequences (e.g. Richman et al.

679 2003; Reusch and Langefors 2005). In our analyses using

680 LDhat, we found evidence for extensive recombination in

681 DAB. Hence, it is highly likely that recombination con-

682 tributes to adaptive variation at this locus as well.

683 DAB and the rate of synonymous substitution

684 Our simulation of positive selection and codon bias in DAB

685 shows that the elevated dS of the B1 region compared to the

686 non-B1 region could be explained by an interaction

687 between these two forces. The argument is that positive

688 selection produces new codons that are not necessarily the

689 most preferred within the codon family and that subsequent

690 selection for preferred codons elevates the synonymous

691 substitution rate. However, our simulation does not provide

692 the opportunity for genetic hitchhiking, in which synony-

693 mous mutations could spread to fixation due to their

694 linkage to positively selected nonsynonymous mutations.

695 Therefore, hitchhiking remains a possible alternative

696 explanation. However, the observation of a high rate of

697 recombination and strong codon bias in DAB supports the

698 codon bias hypothesis over hitchhiking.

699 DXB and nonclassical MHC II loci

700 The results of the analyses ofDXB sequences presented here

701 and in previous work (McConnell et al. 1998a, 1998b;

702 Roney et al. 2004) suggest that this locus may play a

703 nonclassical role in the fish immune system. In human and

704 mouse, the nonclassical MHC class II genes DM and DO

705 have limited polymorphism that is not clustered in any one

706 region of the gene (Alfonso andKarlsson 2000). In one study

707 of HLA-DOB almost no polymorphism was observed (Na-

708 ruse et al. 2002). This is thought to be a result of purifying

709 selection onDO as a change in amino acid structure could be

710 deleterious to the role of DO as a co-chaperon. DM also has

711 very low levels of polymorphism in both mouse and human

712 (Walter et al. 1996).DXB has very little polymorphism, and

713 the few differences found are not confined to any particular

714 gene region.DXB is also unique inMHC class II genes found

715 in fishes in that it has at least two alternative transcripts

716 (Roney et al. 2004).

717 The analyses of DXB using omegaMap indicated the

718 presence of positive selection, but the signal was weak

719 compared to DAB. The minimum of the 95% HPD interval

720 was below one in most cases, and none of the regions esti-

721 mated to show positive selection had significant posterior

722 probabilities of positive selection under a conservative prior

723 (i.e. exponential distribution with mean equal to 1.0). The

724 signature of positive selection can persist for a very long time

725 (Garrigan and Hedrick 2003), so it is possible that the

726signature detected in the analyses presented here came from

727positive selection on these sequences in the distant past. This

728suggests the possibility that the DXB currently serves a non-

729classical role, but was originally derived from a duplication

730event involving a classical MHC II B locus.

731The evidence presented here and in previous studies is

732consistent with the hypothesis that DXB plays a nonclas-

733sical role in Xiphophorus fishes. Nonclassical MHC class II

734B-like genes have not previously been identified as such in

735fishes. The nonclassical genes DM and DO are currently

736the focus of research to fully elucidate their function.

737Insight into a nonclassical MHC class II gene in fish will

738help characterize the evolution of nonclassical genes as

739well as the evolution the specific immune system.
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