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ABSTRACT
Within the unique Triplo-lethal region (Tpl) of the Drosophila melanogaster genome we have found a

cluster of 20 genes encoding a novel family of proteins. This family is also present in the Anopheles gambiae
genome and displays remarkable synteny and sequence conservation with the Drosophila cluster. The
family is also present in the sequenced genome of D. pseudoobscura, and homologs have been found in
Aedes aegypti mosquitoes and in four other insect orders, but it is not present in the sequenced genome
of any noninsect species. Phylogenetic analysis suggests that the cluster evolved prior to the divergence
of Drosophila and Anopheles (250 MYA) and has been highly conserved since. The ratio of synonymous
to nonsynonymous substitutions and the high codon bias suggest that there has been selection on this
family both for expression level and function. We hypothesize that this gene family is Tpl, name it the
Osiris family, and consider possible functions. We also predict that this family of proteins, due to the
unique dosage sensitivity and the lack of homologs in noninsect species, would be a good target for genetic
engineering or novel insecticides.

WHEN the Drosophila genome was surveyed for with at least partial redundancy, such that mutation
dosage-sensitive regions, only one was found that of one of the genes does not rescue the lethality of a

was both triplo-lethal and haplo-lethal (Lindsley et al. duplication of the entire cluster. The small size hypothe-
1972). This locus, located in cytological region 83D4,5- sis predicts that as the number of mutagenized chromo-
E1,2, was called the Triplo-lethal locus, abbreviated Tpl. somes increases, the chance that a mutant will be found
Stocks carrying a duplication of Tpl on one homolog also increases. However, we have subsequently screened
and a deficiency on the other homolog are viable and �106 chromosomes and still have not isolated point
provide a powerful selection for either up or down muta- mutations (Dorer and Christensen 1990; our unpub-
tions when crossed to a wild-type fly (Denell 1976). lished data). The non-protein-coding hypothesis pre-
Using this selection, Keppy and Denell (1979) were dicts that transposon insertions or inversion breakpoints
able to obtain duplications and deficiencies of Tpl, but would still inactivate the locus, but in spite of consider-
were unable to isolate point mutations following EMS or able effort we have never isolated a P-element inser-
formaldehyde mutagenesis. Roehrdanz and Lucchesi tional mutation in Tpl (Dorer and Christensen 1990;
(1980) were also unable to isolate point mutations of Tpl our unpublished data). Thus the most likely hypothesis
following EMS mutagenesis, although they did isolate is that Tpl consists of a cluster of genes with at least
mutations in the Suppressor of Tpl locus, which has been partial redundancy.
shown to encode the Ell protein, a general transcription Using the complete genomic sequence of Drosophila
elongation factor (Dorer et al. 1995; Eissenberg et al. melanogaster we have tested the prediction that the Triplo-
2002). lethal region contains a cluster of genes with high similar-

Denell proposed three hypotheses to explain the lack ity. To do that, first we defined the molecular limits of
of point mutations at Tpl : (1) the locus is very small so Tpl by isolating and mapping duplications and deletions
the mutation rate is very low, (2) the locus does not and then examining the sequence within those limits
encode a protein and therefore is less sensitive to single for repeated genetic units. We describe here the discov-
base changes, or (3) the locus consists of a gene cluster ery of a multigene family in the Triplo-lethal region, con-

sistent with the best hypothesis based on the genetic
data. Although the proteins encoded by this family are

1Present address: Department of Forestry and Natural Resources, novel, the sequences have features that allow us to make
Purdue University, West Lafayette, IN 47907-2033. predictions about their function. We predict that a fam-
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614 D. R. Dorer et al.

Figure 1.—Alignment of 18 members of the Osiris multigene family. Identical and strongly conserved amino acids are indicated
with black shading, similar residues are shaded gray, and the YXXØ motifs (see text) are boxed. Consensus residues are defined
as being present in at least 50% of the proteins. Numbers in parentheses indicate where that number of amino acids is not
shown. The signal peptide and the nonconserved region between it and the cysteine motifs are not shown. The revised Osiris
names correspond to the provisional CG names as follows: Osiris 1, CG15585; Osiris 2, CG1148; Osiris 3, CG1150 ; Osiris 4, CG10303;
Osiris 5, CG15590 ; Osiris 6, LD21503; Osiris 7, CG1153; Osiris 8, CG15591; Osiris 9, CG15592 ; Osiris 10, CG15593; Osiris 11, CG15596;
Osiris 12, CG1154; Osiris 13, CG15595; Osiris 14, CG1155, Sp558 ; Osiris 15, CG1157; Osiris 16, CG31561; Osiris 17, CG15598 ; Osiris
18, CG1169 ; Osiris 19, CG15189 ; Osiris 20, CG15188 ; Osiris 21, CG14925; Osiris 22, CG8644; and Osiris 23, CG15538.

l(3)0108601086, inserted in RM62 ; P{hsneo} l(3)neo331, insertedsion levels. Comparison of the D. melanogaster gene
in castor (Cooley et al. 1988); and RS2/24, inserted in polluxfamily with the orthologous genes in Anopheles gambiae
(Vincent et al. 1990). Inverse PCR was used to amplify the

allows us to analyze the expression, selection, and evolu- DNA flanking P-induced rearrangements as described (Sprad-
tion of the family. ling et al. 1999). DNA sequencing was done by the University

of Nebraska DNA Sequencing Facility. Breakpoints were
mapped by comparing these sequences to the Drosophila ge-
nome using BLAST (Altschul et al. 1997).MATERIALS AND METHODS

Bioinformatics: Sequence similarity searches were done us-
Drosophila rearrangements and mapping: Drosophila stocks ing the BLAST server at http://www.ncbi.nlm.nih.gov (Alt-

were previously described (Dorer and Christensen 1990; schul et al. 1990, 1997) or Vector NTI from Informax. Tar-
Dorer et al. 1995) or were obtained from the Indiana Univer- geting predictions were done using TargetP 1.01 (Nielsen et
sity Drosophila Stock Center. Duplications and deficiencies of al. 1997; Emanuelsson et al. 2000). Transmembrane helix
Tpl were generated by crossing flies carrying both a �2-3 source predictions were done with TMHMM 2.0 (Krogh et al. 2001).
of transposase and a single P element inserted near Tpl to Multiple alignments based on amino acid sequences were
Y SX.Y L, In(1)EN y;;Dp(3;3)Tpl p p/Df(3R)Tpl10 p p. Survivors were generated by MULTICLUSTAL (Yuan et al. 1999) and Clus-
backcrossed to the Dp/Df line to establish a stock carrying the talW (Thompson et al. 1994). On the basis of this alignment,
new rearrangement, often flanked by the starting P element. amino acid distances were estimated by the JTT method

( Jones et al. 1992).Three single P-element insertions were used: P{ry�t7.2�PZ}
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615Osiris Gene Family Evolution

Figure 1.—Continued.

Phylogenetic relationships were reconstructed with the for new duplications and deficiencies. Of the 24 duplica-
neighbor-joining (NJ) method (Saitou and Nei 1987). Boot- tions and 43 deficiencies that resulted, we were able to
strap supporting values were estimated from one thousand accurately map 29 of them by inverse PCR and sequenc-repetitions of bootstrap sampling. JTT distance estimation, NJ

ing. The smallest duplication, Dp(3;3)Tpl JE10B, is dupli-tree reconstruction, and bootstrap analysis were conducted
cated from Rm62 through Pak, a region of �334 kb.by PHYLIP version 3.6.a3 (Felsenstein 2001).

Codon usage bias was measured as the “effective number The smallest deficiency, Df(3R)Tpl6F, also has its distal
of codons” (ENC) as developed by Wright (1990). Numbers breakpoint in Pak, confirming that Tpl is located be-
of synonymous and nonsynonymous substitutions per site were tween Rm62 and Pak.
estimated by the Li (1993) method. General statistical analyses

A novel family of proteins is encoded within thewere conducted with JMP 5 (SAS Institute).
Triplo-lethal region: Examination of this region in the
Drosophila genome (Adams et al. 2000) reveals a pre-
viously undescribed family of genes that is consistentRESULTS
with the unusual genetic properties of Tpl. This family

Molecular mapping of Tpl : Because we and others of genes is located in the 168-kb region from CG15585
have been unable to isolate point or transposon inser- through CG15188, which represents roughly half of the
tion mutations in Tpl, in spite of a very powerful selec- Tpl region defined by the breakpoints. Only 7 of the 27
tion, we generated duplications and deletions flanking genes in this region are not members of this family
single P-element insertions (Preston et al. 1996). Be- (CG31562, NPFR1, CG15589, CG15597, CG15594, CG-
cause the proximal breakpoint of Dp(3;3)Tpl is just distal 31556, and CG31560). BLASTP and PSI-BLAST search-
to the Rm62 gene (Dorer et al. 1990), we chose three ing has revealed only 3 members of the family outside

of this cluster (see below). Of these 23 family members,single P-element insertions near Rm62 as starting points
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616 D. R. Dorer et al.

Figure 2.—Neighbor-joining phylogeny
based on the amino acid alignment of the 23
D. melanogaster and 22 A. gambiae Osiris family
genes. The tree is rooted with the Osiris 22/
agCG47244 pair as an outgroup. The numbers
at the nodes are bootstrap supporting values
(%). Only values �70% are shown.

18 are shown aligned in Figure 1. The others are de- et al. 2002), and copies of one such signal, YXXØ, are
boxed in Figure 1. Because the Isis locus partially rescuesscribed separately below. The complete alignment is

given in Supplemental Data at http://www.genetics.org/ the effect of trisomy for this region (Dorer et al. 1993),
we call this family of proteins the Osiris family and havesupplemental/. All of the proteins appear to have endo-

plasmic reticulum signal peptides. In addition to the named the genes Osiris 1 through Osiris 23 on the basis
of their position in the cluster (see Figure 1 legend).signal peptide, these proteins have three conserved do-

mains. The first is near the amino terminus and consists Four protein sequences from the cluster at 83E that
appear to be members of the Osiris family cannot beof a pair of cysteines usually separated by seven to nine

amino acids. The second consists of four hydrophobic aligned as well and were not shown in Figure 1, but are
aligned in Supplemental Data. These four proteins areblocks, separated by lysines. A proline is usually present

in the first two hydrophobic blocks. This region is pre- Osiris 10, Osiris 13, Osiris 14, and Osiris 17. Each in-
cludes the transmembrane domain and the conserveddicted to be a transmembrane domain (Krogh et al.

2001) and resembles a stop-transfer anchor, thus these tyrosine motif, however Osiris 10 appears to be inter-
nally repeated, and Osiris 13 and Osiris 14 are divergedare type I transmembrane proteins with the N terminus

outside the cell and the C terminus inside (Goder and at the ends, perhaps because of errors in predicting the
exons. Osiris 17 includes copies of the cysteine motif atSpiess 2001). The third domain is a region rich in con-

served histidines and tyrosines, including the highly con- both the amino and carboxyl termini, and is predicted
to be mitochondrial. Despite these differences, the fourserved sequence AQXLAY near the carboxyl terminus. A

number of different endocytic signaling motifs include are recognizable as members of the family, and annota-
tion errors may account for the differences.tyrosines (Bonifacino and Dell’Angelica 1999; Royle
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617Osiris Gene Family Evolution

Figure 3.—Correlation between the numbers
of nonsynonymous and synonymous substitutions
per site. The dashed line shows where the ratio
between the numbers of synonymous and non-
synonymous substitutions per site is 1.0. The
numbers of nonsynonymous substitutions were
estimated from 20 orthologous pairs, but synony-
mous substitution rates could be determined for
only 14 pairs, due to the arithmetic violations
caused when there are too many substitutions.
Data from these 14 pairs are plotted.

Through BLAST and PSI-BLAST queries of the NCBI genes from D. melanogaster is 45.1 with a range from 31
to 61. The ENC from the 22 A. gambiae homologs rangesdatabase, we have identified three other members of

this family, encoded at three different sites elsewhere between 33 and 57 with an average of 40.6. The codon
usage bias was significantly correlated between ortholo-in the genome. Osiris 21 (CG14925, polytene region 32E)

and Osiris 23 (CG15538, 99F) appear to be typical mem- gous pairs of genes (R � 0.52, P � 0.02). The average
G � C contents at the fourfold degenerate positionsbers of the family (Figure 1). Osiris 22 (CG8644, 87E)

lacks the N-terminal cysteines, although it is otherwise are 71% (D. melanogaster) and 74% (A. gambiae) and are
also significantly correlated between orthologous pairsvery similar to the others (supplemental data at http://

www.genetics.org/supplemental/). None of these loci (R � 0.54, P � 0.01). On the other hand, both species
have low and uncorrelated G � C content in intronsare triplo-lethal or located within haplo-insufficient re-

gions (Lindsley et al. 1972). (33% for D. melanogaster and 43% for A. gambiae ; R �
0.12, P � 0.05). These observations indicate that thereThe Osiris gene family is highly conserved between

Drosophila and Anopheles: We compared the genes in is strong selection on these genes and on the mainte-
nance of their expression levels (Duret 2002; Hurstthis region to the A. gambiae genomic sequence (Holt et

al. 2002), and found that Anopheles has an orthologous et al. 2002).
A significant negative correlation is observed betweenfamily of proteins, mostly encoded in two clusters on

chromosome 2R. Phylogenetic relationships of the Osiris the numbers of synonymous substitutions per site and
the codon usage bias of orthologous pairs (R � 0.76,genes from both species were determined as described

in materials and methods, and the resulting tree is P � 0.002). This again implies that these genes are
under translational selection. Remarkably, the ortholo-shown in Figure 2. With very few exceptions the closest

relative of each gene is its ortholog in the other species, gous pairs are similar enough to estimate the synony-
mous substitution rates for 15 of them. The averagerather than any of the paralogs in the same species.

These orthologous pairs were also supported with high ratio between the synonymous and nonsynonymous sub-
stitutions per site is 0.37 and the ratios range from 0.25bootstrap values (�90%). This suggests that the family

diverged by gene duplication before the divergence of to 0.58. These ratios are �1.0 (Figure 3), indicating
that these genes are under selection. Not surprisingly,Drosophila and Anopheles, but each member of the

family has since retained its unique features. these ratios are higher than those obtained within the
Drosophila lineage. Bergman et al. (2002), for example,To understand the close relationships between or-

thologs, we examined the codon usage biases of the reported that �90% of such ratios obtained from com-
parisons among three Drosophila species are under 0.2.genes and the base substitution patterns between or-

thologous pairs. Codon usage bias was measured as the Interestingly, nonsynonymous substitution rates are cor-
related with synonymous substitution rates (Figure 3;effective number of codons. It can range from 20 (where

only one codon is used for each of the 20 amino acids Spearman Rho � 0.6, P � 0.02). Such correlations have
been described in Drosophila (Akashi 1994) and mam-and thus codon usage is most biased) to 61 (where all

possible codons are used and there is no bias). The malian genes (Makalowski and Boguski 1998). In the
case of Drosophila genes, translational selection bothaverage ENC for �12,000 genes from D. melanogaster is

49, with a range from 28 to 61 (Moriyama 2003). It on codon usage bias and on amino acid substitutions
is considered to cause such correlations (Akashi 1994).has been shown that highly expressed genes have high

codon usage bias as seen by a low ENC. For example, The Osiris gene cluster displays significant synteny:
The map locations of most of the A. gambiae orthologsthe average ENC among ribosomal protein genes is 39

(Moriyama 2003). The average ENC from the 23 Osiris are known (Holt et al. 2002), and the families maintain
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618 D. R. Dorer et al.

Figure 4.—Map of the Osiris genes in D. melano-
gaster and A. gambiae. Drosophila genes are shown
in the center and Anopheles genes are to either
side. Unlinked or unmapped genes are indicated
off of the chromosomes and with dashed borders.
Orthologous pairs are connected by lines. Nonho-
mologous genes that have orthologs in a syntenic
position are also shown in italics. All the mapped
genes are transcribed from top to bottom except
agCG45918, Osiris 4, Osiris 11, and agCG47253.

a remarkable degree of synteny in the two species. The the Osiris genes have also been sequenced in the dipteran
insects D. pseudoobscura and Aedes aegypti. Not surpris-genes found in the Tpl cluster in D. melanogaster are

found in the same order in A. gambiae in two clusters ingly, all 23 family members are found in the D. pseudo-
obscura genome, completely syntenic with the D. melano-on chromosome 2. Ten of the family members are in

polytene region 18CD, and another seven are in 15D. gaster genes (http://hgsc.bcm.tmc.edu/drosophila). No
other insect genomes have been reported to be com-A comparison of the Drosophila and Anopheles clusters

is shown in Figure 4. The block of genes from Osiris 1 pletely sequenced as of this writing. However, a partial
cDNA from A. aegypti (GenBank accession no. BQ789636)through Osiris 12 retains one of the largest regions of

microsynteny found in a comparison of the two genomes encodes a homolog of Osiris 11. The cDNA sequence
contains the putative transmembrane domain, and the(Zdobnov et al. 2002). In this interval, 9 of 11 pairs of

orthologous Osiris genes are in the same order. With high degree of conservation of this region is shown in
Figure 5A.only two exceptions in each species the genes are all

transcribed from the same strand. This synteny also We have also observed Osiris genes in four other insect
orders. At least 17 different homologs to the Drosophilaincludes the nonfamily members NPFR1 and CG15589/

agCG45916. Similarly, the block from Osiris 14 to Osiris genes are found by BLAST searches of the first assembly
of the honeybee (Apis mellifera) genome (http://titan.20 contains seven family members in the same order as

their Anopheles orthologs in 15D. Two of the unlinked biotec.uiuc.edu/bee/honeybee_project.htm). A honey-
bee expressed sequence tag (EST; BI512836, BI515793,Drosophila family members (Osiris 21 and Osiris 22)

have Anopheles orthologs that are also unlinked to the and BI509951) encodes a probable ortholog to Osiris
14 that contains the signal peptide, the paired cysteines,main clusters. The other unlinked Drosophila family

member, Osiris 23, does not have a clear ortholog. and the transmembrane domain (Figure 5B). cDNAs
of other Osiris genes have been recovered from theOsiris family members in other species: Homologs to
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619Osiris Gene Family Evolution

Figure 5.—Alignment of D.
melanogaster Osiris proteins with
homologs from other insect
species. (A) Osiris 11. Only the
C-terminal 114 amino acids of
the A. aegypti homolog are avail-
able from GenBank. D. melano-
gaster, GenBank accession no.
NP_649630; D. pseudoobscura,
translation of nucleotides
51,261–52,215 of Contig9442
from 1/13/03 sequence release
(http://hgsc.bcm.tmc.edu/dros
ophila); A. gambiae, agCP2541,
GenBank accession no. EAA-
08588; A. aegypti, translation of
partial cDNA clone AeP-230,
GenBank accession no. BQ78-
9636. (B) Osiris 14. Only the
N-terminal 215 amino acids of
the A. mellifera homolog are
available from GenBank. D.
melanogaster, GenBank acces-
sion no. AAF34808; D. pseudo-
obscura, translation of nucleo-
tides 144,856–145,100, 145,218–
145,425, and 145,495–145,851 of
Contig5874_Contig1844.5 from
3/26/03 sequence release
(http://hgsc.bcm.tmc.edu/dro
sophila); A. mellifera, transla-
tion of ESTs BB160010B10-
C05.5 (GenBank accession no.
BI512836), BB160020B10B02.5
(GenBank accession no. BI5-
15793), and BB170024B10E-
08.5 (GenBank accession no.
BI509951).

lepidopterans Bombyx mori (BP121280, BP117216, BP- (Osiris 3, Osiris 7, Osiris 9, Osiris 17, Osiris 18, and Osiris
20) peaks in stages 13–16, while Osiris 19 is detected119727, BP119640, BP119167, and others), Helicoverpa

ameriga (BU038419), and Manduca sexta (BF046752); throughout embryogenesis and with a much broader
tissue distribution than the others. Osiris 9, Osiris 18,the coleopteran Cicindela campestris (BQ475392); and

the hemipteran Toxoptera citricida (CB855036). In con- and Osiris 20 are expressed in the embryonic tracheal
system; Osiris 9 is expressed in the esophagus and fore-trast to the conservation demonstrated in these insect

species, no homologs have been sequenced in any other gut; and Osiris 17 is expressed in the esophagus and
hindgut. Additional family members known to be ex-phyla to date. This suggests that the function of the

Osiris proteins may be insect or Arthropod specific. pressed in late embryonic stages include Osiris 2, Osiris 6,
Osiris 14, and Osiris 15, consistent with a late embryonicExpression: The lethal phase of Tpl aneuploids is late

embryonic or early larval, with the tracheae and the gut lethal phase.
Expression of Osiris genes in later stages has also beenthe first tissues to be affected (Smoyer et al. 2004).

Expression data are available from the Berkeley Drosoph- observed. Osiris 7 shows two peaks of expression during
metamorphosis in addition to one late in embryogenesisila Genome Project for some of the Osiris genes (http://

www.fruitfly.org) and are partly consistent with the phe- (Arbeitman et al. 2002). The A. aegypti cDNA homolog
to Osiris 11 is expressed during metamorphosis (Krebsnotype. The embryonic expression of six of these genes
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620 D. R. Dorer et al.

et al. 2002), and the Osiris 14 homolog in A. mellifera out evolution is reminiscent of the synteny maintained
within the homoeotic gene families (Zhang and Neiwas found in an adult brain cDNA library (Whitfield

et al. 2002). 1996). It is possible that the tight linkage is maintained
in response to selection—perhaps the genes are coordi-
nately regulated or imprinted (Hurst et al. 2002). In

DISCUSSION
any case, the stability of the linkage arrangements and
the sequences through long periods of time is unusual.The Triplo-lethal locus has been mysterious since its

discovery in 1972, primarily because point mutations Without knowing the precise function of these pro-
teins it is hard to know why this genetic region is soand transposon insertional mutants have not been iso-

lated (Keppy and Denell 1979; Roehrdanz and Luc- dosage sensitive. However, the relative concentrations
of membrane proteins can affect rates of associationchesi 1980; Dorer and Christensen 1990). In 1979

Denell proposed three hypotheses to explain the pecu- and assembly of complexes (Hoffman and Edelman
1983; Bravo et al. 2000; Keenan Curtis and Kaneliar genetic properties of Tpl (Keppy and Denell 1979).

Subsequent work suggested that a cluster of related 2002), leading to dosage sensitivity. The very high se-
quence conservation in the hydrophobic domain is intri-genes is the most likely hypothesis. We tested this by

molecularly defining the limits of Tpl to �334 kb and guing. This region is somewhat long for a transmem-
brane domain, and it is not completely hydrophobic,examining the genomic sequence of that region. We

found 20 genes that are clustered and closely related showing a periodicity of prolines and glycines, as well
as lysines. These sequences are conserved in Anopheles,and encode a novel family of transmembrane proteins.

With 23 total members, this is one of the largest gene which suggests that this region has been under selection
for more than interaction with membrane lipids. Thisfamilies in Drosophila. Of the 1437 sequence similarity

groups reported at http://www.fruitfly.org/annot/simi transmembrane domain likely interacts with other pro-
teins—possibly each other in complexes—or with anlarity.html, only 26 groups are larger.

Homologous genes have been found only in insects, intramembrane protease such as the rhomboid protein
(Urban and Freeman 2002). Given that Tpl-trisomicsand the function of this family is unknown in A. gambiae

or any other insect species. We predict that the ortholo- are partially rescued by hyperoxia (Smoyer et al. 2004),
the conserved pair of cysteines is also intriguing. It isgous families in Anopheles and other insects will be

dosage sensitive. Reciprocal crosses between D. melano- possible that the extracellular cysteine pair responds to
redox potential and the intracellular tyrosines play agaster carrying duplications and deficiencies of Tpl with

D. simulans, D. mauritiana, and D. seychellia have shown role in signaling. Finally, we suggest that because of the
extreme dosage-sensitive lethality, the impossibility ofthat Tpl is both triplo- and haplo-lethal to the interspe-

cific hybrids of both sexes (our unpublished data). rescuing duplications with point mutants, and the lack
of homologs in other phyla, this family of proteins wouldThese genes are also located in one of the longest re-

gions of microsynteny between D. melanogaster and A. make an ideal target for genetic modifications or insecti-
cide discovery in Anopheles and other dipteran pests.gambiae (Zdobnov et al. 2002). Comparison of the se-

quences in the two species shows that in almost all cases We thank Deidre Potter for excellent advice; Larry Harshman, Han
the most closely related gene is the ortholog, rather Asard, and Bob Weldon for helpful conversations; Laura Smoyer,

John Engelman, and Marilyn Cadden for technical assistance; andthan any of the paralogs. The low synonymous substitu-
Joel Eissenberg for critical comments on the manuscript. This worktion rate appears to be due to strong codon bias, sug-
was supported in part by grants to A.C.C from the National Sciencegesting selection on expression level. The nonsynony-
Foundation and to D.R.D. from the National Institutes of Health (S06

mous substitution rate is lower than the synonymous GM08037-31).
rate, suggesting selection on function. These two obser-
vations and the clustering of 20 of the 23 family mem-
bers in 83DE are consistent with the Osiris cluster of
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