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The Large srh Family of Chemoreceptor Genes

in Caenorhabditis Nematodes Reveals Processes

of Genome Evolution Involving Large Duplications
and Deletions and Intron Gains and Losses

Hugh M. Robertson

Department of Entomology, University of lllinois at Urbana—Champaign, Urbana, Illinois 61801 USA

The srh family of chemoreceptors in the nematode Caenorhabditis elegans is very large, containing 214 genes and
90 pseudogenes. It is related to the str, stl, and srd families of seven-transmembrane or serpentine receptors. Like
these three families, most srh genes are concentrated on chromosome V, and mapping of their chromosomal
locations on a phylogenetic tree reveals 27 different movements of genes to other chromosomes. Mapping of
intron gains and losses onto the phylogenetic tree reveals that the last common ancestral gene of the family had
five introns, which are inferred to have been lost 70 times independently during evolution of the family. In
addition, seven intron gains are revealed, three of which are fairly recent. Comparisons with 20 family members
in the C. briggsae genome confirms these patterns, including two intron losses in C. briggsae since the species split.
There are 14 clear C. elegans orthologs for these 20 genes, whose average amino acid divergence of 68% allows
estimation of 85 gene duplications in the C. elegans lineage since the species split. The absence of six orthologs in
C. elegans also indicates that gene loss occurs; consideration of all deletions and terminal truncations of srh
pseudogenes reveals that large deletions are common. Together these observations provide insight into the
evolutionary dynamics of this compact animal genome.

[A truncated alighment of most annoted members of this protein family is available in Pfam v. 4.2 as family
7tm_5 (http:/ / pfam.wustl.edu/); alignments of all translations are available as supplementary information at
http:/ /www.genome.org and can be opened with the program PAUP; alighments of all translations and genes

are available at hughrobe@uiuc.edu.]

Large gene families provide considerable insight into
the evolutionary dynamics of genomes through analy-
ses of the evolution of paralogous gene family mem-
bers. I previously described the patterns of gene dupli-
cation, diversification, movement, and intron loss re-
vealed by the large str and st/ families of chemoreceptor
genes in the Caenorhabditis elegans and Caenorhabditis
briggsae genomes (Robertson 1998). The str family con-
tains the odr-10 gene encoding the ODR-10 chemore-
ceptor for diacetyl (Sengupta et al. 1996). ODR-10 is
expressed in the AWA sensory neuron that mediates
attraction to volatile chemicals (Bargmann and Mori
1997). Misexpression in sensory neuron AWB, which is
known to mediate repulsion from diverse chemical
stimuli (Bargmann and Mori 1997), led to repulsion
from diacetyl, confirming the chemical specificity of
the ODR-10 chemoreceptor and providing a simple
mechanism for olfactory coding in nematodes (Tro-
emel et al. 1997). Furthermore, this ODR-10 chemore-
ceptor mediates perception of diacetyl when expressed
in mammalian cells (Zhang et al. 1997).

During analysis of the str and st/ families, I en-
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countered another very large family of related candi-
date chemoreceptors encoded by the C. elegans ge-
nome, here named the srh family (J. Spieth indepen-
dently noted the size of this new family; pers. comm.).
This family reveals very similar paralogous gene evolu-
tion, including frequent recent duplication of genes,
their common degeneration to pseudogenes, and regu-
lar intron loss. Somewhat in contrast to the str and stl
families, where only one intron gain was noted, seven
intron gains are inferred for the srh family. Compari-
son with orthologs in C. briggsae helped to illuminate
these processes, in particular indicating that many
genes have duplicated in the C. elegans lineage since
the two species lineages separated, whereas others have
apparently been lost. Analysis of the sizes of deletions
in pseudogenes supports the hypothesis that this small
genome size is maintained by common large deletions,
a process apparently shared with Drosophila fly ge-
nomes, but not the human genome.

RESULTS

The Large srh Chemoreceptor Gene Family
The C. elegans genome project is complete (C. elegans
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Sequencing Consortium 1998; C. elegans Genome Con-
sortium 1999) and searches for, and alignments of,
genes were completed at the end of October 1999. All
sequences in GenBank were employed, including a few
from the HTGS database. Aligned reconstructions of
these genes were communicated to those annotating
the sequences, and have been employed in the anno-
tations for many of the apparently functional genes.
Some of the pseudogenes that I identify by their close
similarity to other chemoreceptors can nevertheless be
annotated as apparently reasonable genes by removal
or truncation of exons with in-frame stop codons or
frameshifting insertions/deletions (indels), and there-
fore their present annotations are questionable. Com-
parison with the closest functional gene in the phylo-
genetic tree below usually reveals their pseudogene sta-
tus. Most of these clones have now been completed,
annotated, and deposited in GenBank, and so the
genes are identified herein by the gene numbers given
in the annotations in the format Clone#.gene# (the
remainder are identified by letters for gene numbers,
particularly the C. briggsae genes). They have also been
named in a srh series (see Fig. 3, below) with pseudo-
genes named if they encode more than half the amino
acids of the closest intact relative. Smaller gene frag-
ments were only employed below for analysis of trun-
cation lengths.

Two hundred fourteen apparently functional C. el-
egans genes were identified in the srh family, defined
somewhat arbitrarily as those with the amino acids ST
(serine, threonine), or derivatives thereof, in the sev-
enth transmembrane domain instead of the amino ac-
ids DP (aspartic acid, proline), or derivatives thereof,
characteristic of the str, stl, and srd families (residues
297 and 298 in ODR-10) (Fig. 1). Ninety certain or
likely pseudogenes were also identified, which is 30%
of the total, a frequency in agreement with the other
three families (Robertson 1998). Many fragments of
genes encoding <50% of the length of the closest intact
receptor were excluded from the pseudogene set and
not named. Many of the apparent pseudogenes in this
family have multiple stop codons, frameshifts, or large
indels that are unlikely to be sequencing errors. There-
fore it is reasonable to conclude that even those with
single base indels, single stop codons, and unaccept-
able intron splice junctions are pseudogenes. The se-
quencing accuracy rate of better than 99.99% for the
nematode genome project makes it particularly un-
likely that these apparent pseudogenes result from se-
quencing errors (C. elegans Sequencing Consortium
1998; C. elegans Genome Consortium 1999). With the
redundancy generated through sequencing of yeast ar-
tificial chromosome (YAC) clones spanning previously
unclonable gaps, it was possible to re-examine many
of these pseudogenes in YAC sequences and in each
case, including several stop codons and single base in-

dels, the same mutation was present in the YAC se-
quences.

Conceptual translations of these genes are readily
alignable with each other for most of their length yet
share as little as 12% amino acid identity with each
other (Fig. 1)—the regions of less than certain align-
ment being the TM4/5 region, especially between sub-
families 1-4 and the remainder of the family (see be-
low). The amino and carboxyl termini are also highly
variable in sequence and length. A Kyte-Doolittle hy-
drophobicity plot (Fig. 2) for one of these, SRH-215/
T20B3.3, shows how the seven transmembrane regions
are usually readily identified.

Phylogenetic analysis of the 304 srh family mem-
bers and 20 homologs in C. briggsae (see below) was
performed on their conceptual translations using
neighbor-joining. The “heuristic” algorithm of PAUP
was then employed to examine more than three mil-
lion rearrangements using tree-bisection-and-recon-
nection branch-swapping resulting in a minimum evo-
lution tree 0.18% better, shown in Figure 3 and rooted
by designating the subfamilies 1 and 2 as the outgroup
(based on analyses of representatives of all four families
using the srd family as the outgroup). Generally there is
good bootstrap support for many terminal relation-
ships and many small and large clades within subfami-
lies, however, within the large subfamilies there is usu-
ally little bootstrap support for the overall architecture
of the relationships. Except for subfamilies 1-4 there is
little support for the subfamilies themselves, and there
is little support for the relationships of the subfamilies
to each other.

Subfamilies are recognized to facilitate descrip-
tions, however their definition by amino acid sequence
and/or intron loss is not absolute, because several share
features, and within otherwise well-defined subfami-
lies sometimes one of the defining sequences has
changed in a subgroup. Unlike the str family where
variations of the DP amino acid pair in TM7 were em-
ployed to distinguish the subfamilies, most members
of the srh family have ST at these two positions, a de-
fining feature of the family. Therefore, the eight sub-
families will simply be designated as 1-8, with addi-
tional definition by the two amino acids flanking the
absolutely conserved arginine (R) near the end of TM3
(Fig. 1). The two small basal subfamilies 1 and 2 are
characterized by the amino acids YRM and FRY, respec-
tively. The small subfamily 3 is highly variable in this
sequence, whereas subfamily 4 has (SN)R(IVL). Sub-
family 5 is poorly defined, consisting of at least seven
paraphyletic gene lineages with no bootstrap support
for their relationships, and have the sequence
NR(FQH). Basal members of subfamily 6 have NR(SN),
but after gain of intron j (see below) they have SR(SA).
Subfamily 7 is similarly diverse, with (NED)R(YR),
whereas members of subfamily 8 have NR(LFY). Genes
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T™ domain 111111113121113111111311121 2222222222222222222222222
Conserved H P Y P a D P P
SRH~281/F11A5.1  ===---=m--———oomo— MEGESFFASPQFFSLTLYTIGLFSFPINLFGAYCIVFQTPESMKSVKWSMEFNMHFWSSFEDITVSLLVQPYLLKSTWAGIPYGIL
SRH-275/C03G6.7  ~————————=-——-———— MNYSSYLDTADFQALALHIMIGIEIPVHFLGFYCILFRTPISMKAVKWGMLNLHIWSIGLPLGVSLLTVPYILYPALAGVTLGIL
SRH-235/F08E10.1 -—--~-mrmmmommme MNFCESNYLASPEFLKTTFHI ITGIATPTHAFGFYCIICKTPAHMK SVKWLLFNLHCWCICLDITFSFLSIPYILLPATAGYGGPI-
SRH-209/7K262.11 —MNTTCTPNFNYYDSPQFLSTGMEIASVI ITPVHLLGLYCI I YKTPLOMAAVKWYLLQMHVSVMALDY SVIVVGIPYVLATRTAGFSLGLL
SRH~178/ZK228.8  ~----=--------- MCSELPALNYFGSDTFYSSTLHVLTAIEIPIHIFGAYIIITKTPSKMQSVKRGLLFLHFAGAILDVYYSLIAAPVLTLPICAGYPLGIS
SRH-154/F20E11.12 —-------—-————m- MCSTSLSFFASEQTY IKLLETLTILELSTHSFGAYITITKTPKKLESVKASMLYLQFVGAFVDVYFSWLAMPILVLPLCAGHAIGLL
SRH-109/T719C9.4 —-MSTTLEQYYATNYTKCNLPYNILATWQAVAYPIHKI IQFFSLPFQVLAFYI IMTKTPPRMK PLQLPLFLNHLFGGLLDVCFCSF STLFFFEPMMAFATVGVE
SRH-75/T04C12.2 —MTTSTNLYYSNEWKKKCSNDSSFLASWQGLSVFSHSMLVFF IPTYGFTTYC ILQKTPKTMNSVKWVLLNTHCWCCYVDILICSLITPYFFFPTISGFPVGLL
SRH-60/W10G11.9  ------- MTWPNLINSTCRENYTYFDSSDYLRNAYHVTAIFTVPLS ILTFY I ILKKTPSRMKTMKVPLLISHASSTNLDLMFTVY SAPYAFFPTASGKSLGVL
SRH-49/C10G11.4 MSFPTSLQDYYATNYTRCSELFSIFSTSEFLSFGAKSQFFVLVPINLFGFYCILFKTPKYMSEFQFELCHLOFWFTVLTIFYTILTTPYHFFPASVRCSVGLE
SRH-36/T03D3.4  -—————-~-——w—mme MNKSRSIWNENPDTYFDVKFIYSSIITLFYPFAHFCVLRKSPKNFGILKWI IYIHTVCFTVEWLLNAFLIDMFDFQPSVVLRIDGEL
SRH-27/W05H5.4 ~MTPFLPDNESYYAFYEEQAKLNSHYKLSCHI I PFVTLPVYAEAFYCVF YKCKHF SKKYVVLLQITHLFLHFFGELYWTIILLIPVIVIPSIGVSADGFL
SRH-23/C02E7.5  ——=—————-—————— MDCLEPSPLIFRIFTHSIHFVSLPTYFLALFSLFFIKSKVFVTYRYFLLWHVFENLFFEMHSDFLLAPAIQPPLCAIRTTGIL
SRH-1/T11F9.a = ———-==m——m—mme e MNVSCAIPTSPFLKYLGHIFVCLTAPIYIATCFILIWKCPSFFNQYRTLLLRHIFTCIFMEYFMDAIWQLIVVVPWSALCSMGIG
™ domain 333333333333333333333 44444444444444444444444
Conserved Q b R Y [o] c P

SRH-281/F11A5.1 KEFHVPLTLQAYILSTSLCMLAVSIITIFENRYFLL - -FA-EHTWWR-FARRPFLAINYTLAILYYVPTV---LSAPDQTSARAVIFKEFPEFRKLDTPEN
SRH-275/C03G6.7 SKFGFPVSYQTYLLGVLIGLLGVSIVSILENRYYLL - -FA-REHWWR-HVRLPFLIFNYIAACSYFTPAY - - -YYI PEQTEATONVFKMLPELPQETYDAP
SRH-235/F08E10.1l ----ESPGLFFYLAITFITGVTTSVFVTFENRFFIL--FA-QKSFWR-HIRKFAIVFSYIIVPLYDLPIQ~--FLIPEQSKGRELSWRKLQCIPELPNDGR
SRH-209/7K262.11 QYSSYSFLLAIFVMIACLQFVTLGITGIFENRFRIICKFS-WVPLWKKFITPGFLPGRYIVYPSFLLLGI -—~PFIPDQKTALODIFKTLPCLPREIYEAD
SRH-178/2K228.8 LLLGIPTSVQVYLGISFVGVIGVTIMLFFEDRYHRLVNGHRND-GEWCWWRILYLVIHYVLSVTY IAPGE - - ~-FNIVDQDFAKSFVKIKIPCIPDEILHRP
SRH-154/F20E11.12 SFFGVPSSLQVYVGFCSLAVMVMTVVIFLEDRRYRLVNGQOKSN-KMRKLYRLLFVTANYVYATLYPAPLY---FLLPDQEYGRILSKSKNPCIPNEYLNHP
SRH-109/T19CS.4 NWLGLSFVYQGVLGAAMASGVAGSYVFLFESRSSSLLENRFRI --HRKSSSFLYYTYFFAPYIAVLVATY -~ -NVAEESDAAKLRALEVYPCPTPEFFMFS
SRH-75/T04C12.2 RVLKVPTSVQVLIGFISALFMAISLVALFENRSSATQNNKFRI - -TKKRWKLLYYSVNCFIVLVYLIPPY~-~CNVPEQESAKI HLLOQATPCPTEEFFYSD
SRH-60/W10G11.9 GWLGVGVRWQAYWGHF SVMMLGVSFI ILYENRQSQI STVKFKIQRK- -QTRILYFACRYLFSFVILLPFY---IDGSDQVVLRKSVLKQTPCPTIEFFDSQ
SRH-49/C10G11.4 RDMNISSTYQLLLINIVTGGIVSAVILLFENRHKHLVPPTDIFYKINGVHRLILGIFNFLLGSLGAWTIF———LQDGNQELVKMEYLKLVPCPTKLYFDEC
SRH-36/T03D3.4 ~KNSVDAVVLYEAYLIAKGVTETSWLILFTGRLLLIFDLYRPT--LSFKRKCCELIVYLIVAILGFWVIPMMIFQLPEQNSAKLKVMMI EQFY PDCLWSPT
SRH-27/W05H5. 4 SVLKISPSWQIIIMCGILQISTATMIHLLIFRLKFAIPPNAKYRSVIKYSVDFLNIFCYCTTIFCTCALG---LLDEDQLTAKNRVYEKFPIPNPNLWDEN
SRH-23/C02E7.5 TQLGMSSLVQFYWIALVMQYTATSVSEMFYFRYKAS-ILNYKTYRFTYFIKFTVYFTRCISIFDTFFVILTSHDAHRFQEEHKATFLKONPSAHF -LTCEN

SRH-1/T11F9.a -~ ~YQLPVLMFSIVVAGLCATGI ST IHMFEYRMNAV--TDDSIKVLRRVITGVKYYHYFMMI'SCMCLLAASYNH-LADQKAFKTKI ENKYGELPSYTWCDN
TM domain 555555555555555555555555555555555555 6666666666666666666666666
Conserved D Q s Q Qd P P

SRH-281/F11A5.1 -PIYVLVLDNPWVSAR---QIAMEVTYLTEALSLVFLLKYNMKNAT -KGVKMSENT SRLQKAFLKALYTQTSLPFMVILVPSVVSIFSGILET
SRH-275/C03G6.7 --VFVLATDFRYVVFP~—~-VCFMTTLMVAESATFI TLIYGNMAERN-KKLSLSRHTMKMQTTFLRCLNIQTSIPLLILLLPMGYLVISRIFKI

SRH-235/F08E10.1 -ELFVFATELLGPAIT---IILAESVPTIQCGTFLALNIYNLIFAR--RSGISKKTVOMQHRLVVAFIIQTSVILILFVVPVNAFISFIYFNY
SRH-209/ZK262.11 --IYVIADDMTYHVMA---ISMGLSGAIGQIIFFNGCLIYSSLEQL-KAKTMSQKTFOMQKQFLTAVVVQAASPMICLITPLIYFTIAHLVGY
SRH-178/7K228.8 -GYFVLAVDNTIPKYC~ -~ AFMLTLVMSQVFFYVGATFWHLFHTV - - - ~AQSQATNRLQKHFFLAICVQVF IPTILLITFPVLY IVLAIWFGY
SRH-154/F20E11.12 -NFFLLDLDGKYTSIC---ILLMLSSLVSQMFWQIGLIFRQMLKNP~-~-SVSONTHRLQYQFLIAMSLQGTIPMIIIVFPAFFYVVSIMLNY

SRH-109/T19C9.4 --VCVFVGNPSNMFLI---FAFLLLQATGNIIFHVACLVYYLYVAP~~-PSTLSQATKRDQRTFLISVSIQTSIPLEFVI TAPAMAVLLASWIGT
SRH-75/T04C12.2 ~-VFVWIIDKFWINYLWMSTGVIVLMLFSQLGFFTICCIYYLYIST~~AIMISSNTRKFQRSFFLGTITQAVVPLIFLLLPVIIGIVVIYCEY
SRH-60/W10G11.9 —~TYVLLRPDEILPLF--SNIIGFGGILAEIFFFLFHTVYHLTMVG--NTSTSETTKKMORKFLKIVSLQISTPLIAIALPVLFTLYAGTMSY
SRH-49/C10G11.4 --SVAIPSAKNIWALG---VGPAGCLIPIQVIFFISHSLMYLRKIQ-NINTFSKRTKKLQKSFFRAGIAQVTSPILVIVVPLFLLTYILITKQ
SRH-36/T03D3.4 —-AIIVISAETFFENFLCVLIIVNYCSIGLAIYISAKTIAFWVLSKR--METKSDATKKMHKKFNDRTIFQTFLFFAFCCIPFSVLFITILLDF
SRH-27/W0SHS5.4 —-YVTTDIESYKFKTYVIISVLEIFILCVHIIVIPIVGFHFLSKNQ~ - ~TEKSEKLAEAHRK TMOMLVFQLTVHCIFHLVPFVCFTWATIFKQ
SRH-23/C02E7.5 SYLFVPFSDYVSTSIM-~~ILWIAECVIIFLSVPGITIFINLKISK----STSKNTWKVQKQLLKSLVIQALITHSFTMGLPNLMFTYGFFFGY
SRH-1/T11F9.a ~~CMFINTDSTLVLIF---VGVAASSQPLAAVYFGLSVYASKLGLOKLKASLSORTISLQRNFLHSLYTIQTAVHVIFISIPLGIFFLSFIIWI
TM domain T1TTT71777777717TT7TT07777

Conserved Qe HG 8T PYR

SRH-281/F11A5.1 ---STQSVNNLVYITLSCHGLASTTVMLLIQKPYREFCLGIVGKSKRRQKITAISTISRRSVVTAF - - —————————— 8
SRH-275/C03G6.7 ---YCQSANNLCFIIIAAHGLFSTFIMLYIHSPYREACFRIFCSKITRY SSREFSTVSTVL - === = — e m e — e e 8
SRH-235/F08E10.1 ~--QNQFHNNLIVFAFAVHGIASTLIMVFVHRPYRDFVYSPFRRLFESGPTVYVIPAVSMSKAPTAP-——-~-—-—--— 8
SRH-209/2K262.11 ---YNQGIINCLLINVSIHGLISTTALVTLHKPYRTAVRSMISKLPEPRRPKVSQLSTLSRSTVVVL~ -8
SRH-178/2K228.8 ~--YNQAATNIALLAIPFHGVLSTISMLCVHRPYREATFGMFYNKGDTSRPIWMTVHGTSTH-~~ -1
SRH-154/F20E11.12 ---HNQGANNLSFLIISMHGVLSTLTMLMAHRPYRQSIVKMLNLNFNKAGGGVQRIWILSRRNN- -7
SRH~-109/719C9.4 ——-YRQEWMNLSNVCIATHGLAESISIMLVHKPYRAAIRRILGTGNTIANHRSVELY - —————--——————m—— e 6
SRH-75/7T04C12.2 —-—-YNQELNNSLVLFLSLHGFTSTFVIILVEHPYRRFLIKVVTFDRSAGK -~ === === == —m————————— e 6
SRH-60/W10G11.9 ~--YNQAANNNAMI TMANHGLLSTCCTLFIYQPYRDFIMRKLTGSPVEEIPVATIQVISL- 5
SRH-45/C10G11.4 ~--YLPGAMNICILCIPSHSALSTGSLILFNVPYRDFVRHKFKITANSVQRNSRVAIVSS-———--——-————————— 5
SRH-36/T03D3.4 -~-YIPGITYFVDFLSENHPTVCLISLFLYYDPYQYFFLELIGFRAAAAKPRLSSTIPIGRRSTVIRGSIATFTLS-~~ 4

SRH-27/W05HS .4 - - ~GNIGLLSGGMFTWALEGAACTLTLLLANKPFRMTTLSHLKYVFCCGCCNGSTAGI SKMFRHRRESTVVQMIDFST 3
SRH-23/C02E7.5 ---ASETTAYGAFVFITYRGFVSTFALIAFTKPIRDYLOSTFNIKKRATHRASMTF ~ -~ - =~ mmo s mmmmmm— ——— 2
SRH-1/T11F9.a —----PSYMSYILTAMCTQHGSLSTLALMI SNKPLYSVF TKTCMFISQ~~ ==~~~ ———mmm—mmmmmmm i mmm oo m 1

Figure 1 Alignment of the encoded amino acids of representative srh family chemoreceptors. One representative of each of the small
basal subfamilies 1-4, two representatives each of subfamilies 5-7, and four representatives of subfamily 8 are shown, with the subfamily
designations indicated at the end of the sequences. The seven transmembrane domains are indicated above the alignments following Fig.
2. The alignments generally divide into blocks corresponding to these domains, with length variants between them, the exceptions being
in the more variable TM4/5 region. The conserved amino acid positions that anchor the alignments are bold, and shown above the
alignments, as are the inferred ancestral intron positions. Refined alignment of the highly variable amino and carboxyl termini is not
shown.

sth-24/R10D12.11 and srh-25/C54D10.6 branch near Chromosomal Location

the base of subfamily 3 in Figure 3, however, they are The vast majority of genes in some large families, in-
highly divergent and this placement is tenuous, there- cluding the nuclear receptor superfamily (Sluder et al.
fore they are not placed in a subfamily. 1999) and the str, stl, and srd families (J. Spieth, pers.
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Figure 2 Kyte-Doolittle hydrophobicity plot for the SRH-215/
T20B3.3 protein. Transmembrane regions are numbered.

comm.) are located on chromosome V. The same bias
is overwhelmingly true for the srh family, with 248
genes and pseudogenes on chromosome V, 34 on chro-
mosome II, 15 on chromosome IV, 4 on chromosome
X, 3 on chromosome I, and O on chromosome III.
These genes are distributed roughly evenly along the
lengths of these chromosomes (J. Spieth, pers. comm.),
so there is little bias in location on a particular chro-
mosome. To evaluate this enigmatic observation fur-
ther, it is necessary to consider some additional details.
These and other chemoreceptor genes commonly exist
in large, tandemly repeated complexes that are pre-
sumably all derived by gene duplication from a single
gene (Troemel et al. 1995; Robertson 1998). It is there-
fore best to evaluate this chromosomal location pat-
tern further by employing the phylogenetic tree. It ap-
pears that the chromosome V location of the majority
of these srh family genes is ancestral, and that move-
ments to other chromosomes have occurred only
rarely. Gene movements to other chromosomes were
usually easily parsimoniously mapped on the tree, and
the branches where such movements are inferred to
have occurred are indicated with chromosome num-
bers (Fig. 3). Therefore, 17 moves to chromosome II are
inferred, as are six moves to chromosome 1V, two to
chromosome X, one to chromosome I, and one back to
chromosome V (17 of these 27 moves are so recent
they involve only a single extant gene). The most con-
voluted of these gene movements is the old movement
of a subfamily 6 gene to chromosome II, followed by a
derived gene moving to chromosome IV, followed by
gene srh-62/7ZK6.9 returning to chromosome V. Rela-
tionships in this region of subfamily 6 are well sup-
ported by bootstrapping, making this by far the most
parsimonious explanation of the chromosomal loca-
tions of this subset of its genes. The independence of
most of these 27 moves to other chromosomes is well
supported by bootstrapping. Two of these movements
to other chromosomes are old enough that they have
led to considerable gene duplication and diversifica-
tion, and further movement within the new chromo-
some (the movements to chromosome II in subfamily
6 and to chromosome IV in subfamily 8). Preliminary
analysis of mapping of each chromosome V gene onto

the chromosome itself reveals abundant history of
movement within the chromosome, but it is difficult
to analyze whether these genes are more likely to move
to new locations on chromosome V than to other chro-
mosomes. It seems clear that the common ancestor of
this family, and of this and the other three families,
resided on chromosome V, and that the duplications
leading to the four families and their early diversity
occurred on this chromosome. The average size of srh
genes is (B kb (1000 bp each of exons, introns, and
flanking DNA), so this family alone accounts for about
1 Mb. Together with the amplification of the nuclear
receptor superfamily (Sluder et al. 1999), the ancestry
and amplification of these chemoreceptor families and
perhaps other gene families on this chromosome might
explain why chromosome V is the largest at 21 Mb.

Intron Evolution
The exon/intron structures of these genes were useful
guides in their reconstruction, and an ancestral intron
arrangement is easily established (Fig. 4; intron posi-
tions are indicated more precisely in Fig. 1). The com-
mon ancestor of this family appears to have had five
introns, roughly evenly distributed along the length of
the gene, although the fifth exon is rather short. One
of these, intron d, is in precisely the same codon and
phase as intron g of the related str and stl families, and
can therefore be considered to be homologous and
shared from a common ancestor of the three families.
All of the others are apparently independent, more re-
cent intron gains, and all are independent from those
of the srd family, which is considered to be ancestral to
the srh, str, and stl families (H. Robertson, unpubl.).
As was true for the str and st/ families (Robertson
1998), the vast majority of intron changes involve loss,
however it proved more difficult this time to map these
losses parsimoniously on the phylogenetic tree (Fig. 3).
Therefore the multiple losses of introns a and d near
the base of subfamily 2, intron c at the bases of sub-
families 5 and 6, and intron e in subfamily 8 are ques-
tionable. Of these, the worst case involves intron e in
subfamily 8, where it is present in only one gene,
sth-210/D1065.4. An alternative evolutionary scenario
for this intron might involve loss from the common
ancestor of this subfamily (along with intron a) fol-
lowed by regain in precisely the same codon and phase
into this gene; however, this scenario seems unlikely
and instead the poorly supported relationships of the
basal lineages of subfamily 8 might be rearranged to
yield only two losses of intron e. Conservatively then,
70 independent losses are inferred. Unfortunately, it is
difficult to include intron losses as characters in deriv-
ing the tree because it is unclear how heavily intron
losses should be weighted relative to single amino acid
changes and inclusion of an intron presence/absence
matrix greatly increases the computational complexity
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making analysis of this large dataset intractable. For
these purposes, it is prudent not to include them in the
data matrix, to allow quite independent mapping of
the losses on the tree. Intron losses would nevertheless
have considerable value as phylogenetic characters,
particularly in that losses are likely to be irreversible,
and depending on their weighting, would probably
lead to minor rearrangements of the phylogenetic tree
making the mapping of intron losses rather more par-
simonious. This mapping nevertheless demonstrates
how frequent these losses are, involving many inde-
pendent losses of each intron in disparate lineages. The
ancestral five-intron arrangement (Fig. 4) was main-
tained in two separate lineages of subfamilies 2 and 5
and persists in eight genes. As was true for the str and
stl families, no gene has lost all of its introns, with only
13 reduced to a single intron, perhaps because at least
one intron is necessary for expression of nematode
genes (e.g., Okkema et al. 1993).

In contrast, there are seven instances of apparent
intron gain within this family (Fig. 3). Remarkably, in-

trons k and | appear to have been inserted into the
same position of the same codon, however, this region
of the carboxyl terminus of these proteins is highly
divergent in amino acid sequence and so it is likely
that they are simply independent insertions. The pos-
tulated gain of introns f and | in subfamilies 2 and 3 are
the least certain of these because they could have been
ancestral introns that were lost from the other sub-
families. Nevertheless, they are considered to be intron
gains here. Introns j and k are also reasonably old gains
within subfamilies 6 and 5. The remaining three intron
gains—g, h, and i—were fairly recent, being found in
only one or two genes in subfamilies 6 and 8. Logsdon
et al. (1998) and Logsdon (1999) have reviewed the
criteria required to establish recent origin of an intron,
primarily that its novel appearance must on phyloge-
netic grounds greatly outweigh the likelihood of it be-
ing ancient but having suffered multiple independent
losses, and that its origin can be determined from its
sequence. With the possible exception of introns f, k,
and 1, the first criterion is convincingly satisfied here,
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Figure 4 Reconstruction of the ancestral intron placements for the srh family of chemoreceptor genes. Exons are shown as open
numbered boxes of roughly accurate length, whereas introns are shown as lettered lines. Phases of the introns are shown above them.
(0) Between codons; (1) between the first and second bases of a codon; (2) between the second and third bases of a codon. Arrowheads

indicate the positions of insertion of new introns f-I.

with these seven introns (f-1) requiring postulation of
3,12, 9, 13, 8§, 5, and 5 independent losses, respec-
tively, to be of ancient origin. Unfortunately, the sec-
ond criterion cannot easily be established for nema-
tode introns because they evolve in sequence so rap-
idly (see below for comparisons between C. elegans and
C. briggsae). Therefore even the two introns shared by
just two genes (h and i) have diverged completely in
sequence and are unalignable between the pairs of
genes, let alone with any other sequences in the C.
elegans genome. Intron g is 950 bp long and is present
in only one gene, srh-240/F37B4.4b in subfamily 8, so
appears to be the most recently acquired, nevertheless,
its origin is unclear. The first =170 bp are repeated [5
times elsewhere in the genome, including one repeat in
the same cosmid, however, the remainder has no matches.

C. briggsae Homologs
The WashU GSC has generated 8 Mbp or (8% of the C.
briggsae genome, providing 20 genes in 10 cosmids to

compare with these C. elegans genes. These clones have
not been annotated and deposited in GenBank; how-
ever, they are available from the WashU GSC database
(pers. comm.). The phylogenetic relationships of these
genes are shown in Figure 3, with the C. briggsae genes
in bold type (the clone numbers all begin with G) and
details of comparisons with orthologous genes in C.
elegans are shown in Table 1. The levels of divergence
between orthologous genes are comparable with those
seen previously for the str and stl families (Robertson
1998) and a variety of other genes (summarized in de
Bono and Hodgkin 1996).

Convincing C. elegans orthologs are available for
14 of the 20 C. briggsae genes, that is, those on clones
that share several other genes or DNA sequences in
reasonable, but not necessarily perfect, synteny (e.g.,
Kuwabara and Shah 1994; Robertson 1998). They gen-
erally encode proteins that are colinear with each
other, except that sometimes the amino and com-
monly the carboxyl termini differ in length. The en-

Table 1. Comparison of C. briggsae Chemoreceptor Genes with their C. elegans Orthologs in the srh Family
Gene? Encoded
amino acid  Coding DNA K/K,
C. briggsae C. elegans identity (%) identity (%) K; * s.E. K, = s.E ratio Introns
G42B20.a srh-1/T11F9.a 77 73 1.80 £ 0.35 0.15 = 0.02 12.0 3 shared
G42B20.b srh-9/T11F9.b* 61 64 221 £ 0.66 0.30 = 0.03 7.4 3 shared
GO01B4.a srh-16/F55C5.9 68 70 211 £0.20 0.20 £ 0.02 10.6 6 shared
G44A22.a* srh-39/C06A8.7 74 71 1.64 = 0.27 0.19 = 0.02 8.6 5 shared
G22P10.a srh-49/C10G11.4 66 68 1.50 £ 0.23 0.26 = 0.02 5.8 2 shared
G22P10.b srh-51/C10G11.3 74 68 1.36 £ 0.19 0.18 = 0.02 7.5 1 shared;
G22P10.b
lost a
G36E19.a ortholog lost
G42E09.a srh-75/T04C12.2 69 70 1.86 £ 0.36 0.21 = 0.02 8.9 3 shared
G41C04.a srh-129/F14F9.7 66 67 2.02 £ 0.43 0.26 = 0.02 7.8 2 shared
G41C04.b srh-130/F14F9.1 75 70 2.07 £ 0.47 0.20 £ 0.02 10.4 3 shared
G45F20.a ortholog lost
G45F20.b srh-163/D1054.12a* 56 63 1.46 = 0.22 0.35 = 0.03 4.2 2 shared;
G45F20.b
lost ¢
G45F20.c srh-184/D1054.12b 75 73 1.18 £ 0.15 0.18 = 0.02 6.5 3 shared
G45C15.a srh-268/C54F6.1 56 62 1.93 £ 040 0.36 = 0.03 5.4 3 shared
G45C15.b srh-268/C54F6.1 58 65 131 £0.18 0.33 = 0.03 4.0 3 shared
G21D19.a srh-275/C03G6.7 74 70 1.74 £ 0.32 0.20 = 0.02 8.7 2 shared
G21D19.b,c,d*,e*  orthologs lost
Averages 68 68 1.73 0.23 7.7

(*) Pseudogenes.
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coded amino acid sequences of these convincing or-
thologs retain 68% identity on average (Table 1).
Simple inspection of Figure 3 shows that large numbers
of pairs, triples, quadruples, and even septuples of C.
elegans genes are more similar than this, indicating
that they originated by gene duplication after the spe-
cies split; 85 gene duplications are inferred in the C.
elegans lineage since the split (Fig. 3). The most ex-
treme example involves a set of seven genes and pseu-
dogenes on the overlapping cosmids F20E11 and
F40D4 at the apex of subfamily 7, of which only one
apparently remains functional, whereas three of an-
other set of seven recently formed genes in this sub-
family on cosmid KO8G2 apparently remain func-
tional. In contrast, six, or 30% of the C. briggsae genes
do not have clear orthologs in C. elegans, so they must
have been lost from the C. elegans genome since the
split. The loss of G21D19.b, ¢, d, and e orthologs is the
major contributor to this large number and may have
involved a single large deletion in the C. elegans lineage.

Two other features of these interspecies compari-
sons are worth noting. First, as expected (e.g., de Bono
and Hodgkin 1996; Robertson 1998; Thacker et al.
1999), the introns and the 5’ and 3’ flanking sequences
have diverged so much they are unalignable. Consis-
tent with this level of divergence, the frequency of syn-
onymous changes, K, is very high (averaging 1.73,
which is 7.7-fold higher than the average frequency of
nonsynonymous changes) (Table 1). Even compari-
sons of pseudogenes between the species give high K/
K, ratios, indicating that they became pseudogenes af-
ter the species split. Second, although most introns are
still shared in particular positions in these genes, two
or 2.4% [2/(41 X 2) =0.024] have been lost since the
species split, both from C. briggsae genes, a bias observed
for other genes (e.g., de Bono and Hodgkin 1996; Rob-
ertson 1998; Thacker et al. 1999; Dufourcq et al. 1999).

Insertions and Deletions

The above comparisons with the C. briggsae genes
strongly suggest that duplication of large regions of the
genome including single or multiple genes are com-
mon, and that these are balanced by complete loss of
genes, thereby maintaining a reasonably steady-state
overall genome size. This dynamic equilibrium is in
stark contrast to the situation of the human genome
lineage, where large numbers of pseudogenes and
enormous numbers of transposon insertions have per-
sisted for a very long time with few large deletions
removing them (e.g., Graur et al. 1989; Gu and Li 1995;
Robertson and Martos 1997). The dynamics of the
nematode genome appear more similar to those of Dro-
sophila species, where “junk” DNA is rapidly removed
by large deletions (Petrov et al. 1996; Petrov and Hartl
1997, 1998). Large duplications are readily observable
in the C. elegans genome (C. elegans Sequencing Con-
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sortium 1998; C. elegans Genome Consortium 1999;
Semple and Wolfe 1999), however, identification of
the balancing deletions is less obvious. In an attempt
to quantify this deletion process, all of the pseudo-
genes and gene fragments in this dataset were exam-
ined for the length of indels when compared with their
closest intact relative. Deletions were only included if
they were within the gene so that their termini were
clear, and only the lengths of exon sequence removed
were counted as a conservative estimate. The results in
Figure 5 show the expected high frequency of single
base deletions, but in addition there are 21 deletions of
longer than 20 bp, the longest being 786 bp (two very
long insertions within genes were also observed, per-
haps representing the type of event mediating the high
frequencies of gene movement described above). Fur-
thermore, some pseudogenes have truncations of one
or other terminus, and there are many gene fragments
with one or other terminus missing that were not for-
mally included in the family. In these cases, the length
of the truncation was determined as the exonic region
of the gene that is missing, although of course this is a
gross underestimate because the truncations may ex-
tend much further and again ignores introns that are
commonly several hundreds of bases in the srh family.
Offsetting this conservative measure is the likelihood
that some of these gene fragments and truncated pseu-
dogenes might actually be the ends of duplicated re-
gions and not result from deletions at all. The average
size of 31 such truncations was 514 + 56 bp (S.E.).

DISCUSSION

This is one of the largest families of genes reported in
the C. elegans genome, with the 214 genes encoding
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Figure 5 Frequency distributions of lengths of deletions and
insertions in srh chemoreceptor family pseudogenes and frag-
ments. After lengths of 20 bp, only lengths of indels actually
present are shown.
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apparently functional chemoreceptors constituting
+1% of its functional gene complement or proteome,
estimated at =19,000 by the C. elegans Sequencing
Consortium (1998). Many authors have defined pro-
tein/gene families as those sharing at least 45% amino
acid identity, however, such a definition is inappropri-
ate for families of proteins in C. elegans where rates of
molecular evolution appear to be particularly high
(note that even orthologous chemoreceptors in the
congeners C. elegans and C. briggsae on average share
only 68% identity). Such a definition would lead to
splitting this srh family into at least 100 families. Ex-
tending the family to include subfamilies 1-4, whose
members share as little as 12% amino acid identity
with the rest of the family, is justified on the basis of
maintaining the cohesiveness of the family. It can also
be justified on the basis of their shared ancestral intron
arrangement, which is quite different from the related
families. In preliminary large-scale analyses including
the srd, str, and stl families, the srh family as defined
here is monophyletic and a sister group to the str and
stl families. There is every reason to believe that these
are all chemoreceptors given the sister relationship of
the srh family to the str family, which contains the
ODR-10 diacetyl receptor (Sengupta et al. 1996; Tro-
emel et al. 1997; Zhang et al. 1997). Certainly it is
difficult to imagine what other function such a large
family of transmembrane receptors might serve. The
str, stl, and srd families consist of about 200, 40, and 60
functional chemoreceptor genes, respectively (Sonn-
hammer and Durbin 1997; Robertson 1998; updated in
November 1999), so together these three families en-
code at least 300 chemoreceptors. In addition, there
are now [200 genes (Bargmann 1998) in the sra, srb,
sre, and srg families originally identified by Troemel et
al. (1995), and there are several smaller, undescribed
families of likely chemoreceptors in the genome bring-
ing the total of functional chemoreceptor genes to
[BOO encoding *4% of the C. elegans proteome.
Presumably, these hundreds of receptor proteins
are involved in detection of the many water-soluble
and volatile chemicals that this nematode can perceive
(Bargmann and Mori 1997). Troemel et al. (1995) dem-
onstrated that representatives of their five families are
probably primarily expressed in the chemosensory
neurons by examining expression of fusion reporter
genes under control of their promoter regions. Similar
tests have been performed for 16 representative genes
in the srh family. Six were expressed only in sensory
neurons, five in sensory neurons plus elsewhere, four
only elsewhere, and one was not expressed (Y. Zhang
and C. Bargmann, pers. comm.). There are just 16 pairs
of chemosensory neurons (Bargmann and Mori 1997),
and generally receptor genes are only expressed in one,
or at most two, pairs of neurons (Troemel et al. 1995);
therefore, on average, 40-50 different genes must be

expressed in each pair of neurons. They are not ex-
pressed at high levels because among the +73,000 C.
elegans sequences in dbEST there is only one expressed
sequence tag (EST) from a cDNA clone from a srh fam-
ily member (the 3’ read from clone yk446b1l matches
gene srh-2/CO5E4.a in subfamily 1). The identification
of at least 14 Ga proteins expressed exclusively in sub-
sets of these and related sensory neurons suggests that
there are multiple transduction pathways for diverse
chemoreceptors expressed in the same neuron (Jansen
et al. 1999).

The patterns of molecular evolution of these srh
family genes abundantly confirm and extend those de-
scribed previously for the str and st families (Robertson
1998). For example, in each case there is abundant evi-
dence for recent duplications of genes; within the srh
family 85 gene duplications can be inferred since the
split from the congener C. briggsae. Whereas many of
these duplicated genes have apparently retained func-
tionality while presumably diverging to new odorant
specificities, 44 have become pseudogenes. Simple in-
spection of the phylogenetic relationships of these and
other pseudogenes in Figure 3 shows that they are all
young pseudogenes. Presumably most pseudogenes are
rapidly removed by random large deletions of hun-
dreds of bases in the genome, which are revealed here
by comparison of pseudogenes and gene fragments
with their most closely related apparently functional
gene. In addition, several orthologs of genes in C. brigg-
sae are missing in C. elegans, presumably by deletion.
Semple and Wolfe (1999) recently described similar
large deletions when comparing three large recently
duplicated regions of the C. elegans genome. These re-
sults show how frequent large random deletions can
explain the small size of the C. elegans genome in the
face of clearly frequent gene duplications. In this re-
gard, Caenorhabditis nematodes are more like Dro-
sophila flies (Petrov et al. 1996; Petrov and Hartl 1997,
1998) than humans (Graur et al. 1989; Gu and Li 1995;
Robertson and Martos 1997).

As was the case for the str and stl families, intron
losses prevailed numerically over intron gains (70 to 7),
although the bias was not as extreme as in the str and
stl families (165 to 1) (Robertson 1998). In part, this is
because the ancestral intron arrangement for the fam-
ily appears to have been five introns, versus eight each
for the str and stl families, thereby providing fewer op-
portunities for intron losses, and in addition several
introns were lost early in large subfamilies, further re-
ducing the opportunities for subsequent independent
intron losses. Most of these losses are of single introns
at a time, with just four convincing cases of adjacent
introns being lost on single branches of the tree. I sug-
gested previously that these independent losses of
single introns might best be explained by precise in-
frame deletion through nonhomologous recombina-
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tion between short direct repeats at the 5’ and 3’ splice
junctions (Robertson 1998). A similar mechanism
might also be responsible for the frequent large dele-
tions discussed above.

The gain of at least five and probably seven new
introns within the srh family strongly supports the no-
tion of introns as recent acquisitions of eukaryotic
genes (e.g., Logsdon et al. 1998). Logsdon (1999) was
able to find only four such convincing examples in
recent literature, and this srh family provides at least
five. Given this clearcut evidence for recent intron ac-
quisition, it is reasonable to infer that all of the ances-
tral introns in the srh, str, and stl families are also older
intron gains, especially because none are shared with
the more distantly related srd family. Gotoh (1998) ex-
amined intron gains and losses in the 60 p450 genes
then available in the C. elegans genome, and in these
older and more conserved gene lineages that can be
traced to common ancestries with vertebrates and in-
sects, found similarly high rates of intron losses and
gains. These results therefore strongly support the “in-
trons-late” view of intron evolution (e.g., Logsdon et
al. 1998; Logsdon 1999).

One of the most remarkable aspects of this family
is the concentration of genes on chromosome V. The
same is true for the related str, stl, and srd families (J.
Spieth, pers. comm.) suggesting that the common an-
cestor of all of them resided on this chromosome, and
most of the expansion of these large families has oc-
curred on this chromosome. A similar pattern has been
reported by Sluder et al. (1998) for the large nuclear
receptor superfamily. Mapping of the srh gene loca-
tions on the phylogenetic tree shows that only occa-
sional gene movements to other chromosomes have
occurred, and only a few of those have led to expan-
sion of groups of genes on other chromosomes. For
some reason, most movements off chromosome V in
this family have been to chromosome II, which might
be taken as evidence for some kind of physical associa-
tion of these two chromosomes that predisposes such
movement; however, examination of the other fami-
lies (J. Spieth, pers. comm.) shows that they have most
frequent movements to chromosomes IV and X. Most
of these movements to other chromosomes are very
recent, because they involve single genes. A possible
inference is that most genes that moved to other chro-
mosomes have subsequently been lost. Perhaps genes
on chromosome V are more likely to persist evolution-
arily because of increased frequencies of gene conver-
sion maintaining their integrity. Semple and Wolfe
(1999) report that although frequencies of gene con-
versions between members of gene families in C. el-
egans are relatively low, they do occur more commonly
between genes on the same chromosome. Examination
of other large gene families on chromosome V and
other chromosomes may help illuminate this puzzle.
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METHODS

Searches of the nonredundant and HTGS DNA databases at
NCBI (Benson et al. 1998) were conducted using TBLASTN
v2.05 (Altschul et al. 1997) to recover the intron/exon ar-
rangements of these genes, which were then aligned by eye in
the editor of PAUP for the Macintosh (Swofford 1998). This
process was repeated iteratively until most members of the sri
family had been identified. The divergent subfamilies 3 and 4
were discovered using a PSI-BLAST search (Altschul et al.
1997). Shared subsets of five introns at exactly the same po-
sitions were useful landmarks, especially for alignment of
pseudogenes, and the NSPL program of GeneFinder from the
Baylor College of Medicine WWW site (http://dot.imgen.
bcm.tmc.edu:9331/gene-finder/gf.html) was also used to help
identify intron boundaries. The encoded translations were
initially similarly aligned by eye in the PAUP editor. Align-
ments of transmembrane (TM) regions 1, 2, 3, 6, and 7 are
unambiguous, being easily anchored by several highly con-
served amino acids (see Fig. 1). The boundaries of TM4 and
TMS were sometimes difficult to align confidently between
subfamilies 1-4 and the rest of the family, therefore for the
phylogenetic analysis an alignment obtained using ClustalX
at default settings was employed (Jeanmougin et al. 1998).
This yielded the same blocks of aligned amino acids for the
transmembrane domains, differing only in minor points re-
garding placement of gaps between them, but manual adjust-
ment was necessary for more appropriate alignment of many
of deletions in pseudogenes. All amino acid positions were
employed for the phylogenetic analyses to provide the maxi-
mum possible information within subfamilies. Phylogenetic
analysis was performed using neighbor-joining followed by
tree-bisection-and-reconnection branch-swapping as imple-
mented by PAUP v4.0b2a for the Macintosh (Swofford 1998).
Bootstrap analysis employed 1000 neighbor-joining replica-
tions. Molecular evolution of pairs of genes was assessed by
computing the frequencies of synonymous (K,) and nonsyn-
onymous (K,) changes following Nei and Gojobori (1986),
using the Macintosh program K,K,Calc (H. Akashi, pers.
comm.).
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