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Abstract. A full-length cytochroméb pseudogene was universal primers should be used with caution (Smith et
found in rodents; it has apparently been translocatecl. 1992; Arctander 1995). In addition to the expected
from a mitochondrion to the nuclear genome in the subPCR product, amplicons may be paralogous or ortholo-
family Arvicolinae. The pseudogenegyth) differed  gous. Orthology is generally obvious during phyloge-
from its mitochondrial counterpart at 201 of 1143 sitesnetic reconstruction. Less apparent is paralogy, which is
(17.6%) and by four indels. Cumulative evidence sug-usually due to a gene duplication and subsequent trans-
gests that the pseudogene has been translocated to thesition. Paralogous events can confound evolutionary
nucleus. Phylogenetic reconstruction indicates that th@nalyses and are thus of great interest (Schneider-
pseudogene arose before the diversificatiodofarva- ~ Broussard and Neigel 1997). Here we describe a novel
lis/M. rossiaemeridionalifrom M. oeconomudyut after  cytochromeb pseudogene that seems to have been trans-
the divergence of the peromyscine/sigmodontinelocated from the mitochondria to the nuclear genome of
arvicoline clades som&in0 MYA. Published rates of arvicoline rodents.
divergence between mitochondrial genes and their The entire cytochromd gene was amplified from
nuclear pseudogenes suggest that the translocation of thistal genomic DNA of 12 individual volesM. arvalis)
mitochondrial gene to the nuclear genome occurred somesing Irwin et al.’s (1991) univeral primers L14724 and
6 MYA, in agreement with the phylogenetic evidence. H15915. Approximately 10 recombinant clones from
each individual (a total of 127 clones) were subsequently
Key words: mtDNA — Cytochromeb — Pseudogene isolated and sequenced with the L14724 primer. A single
— Microtus — Rodent — Translocation clone (designated JADA43) differed dramatically from
each of the other 126 clones. New primers were designed
and subsequent sequencing revealed that JAD43 differed

Universal PCR primers that amplify specific mtDNA.from the consensud. arvalis cytochromeb sequence at

fragmgnts (K_ocher etal. 1989) havq been instrumental 501 of 1143 sites (17.6%) and by four indels, resulting in
genetic studies of natural populations. However, sucl}j‘ total length of 1138 bp for JAD43 (Fig. 1: Genbank

Accession No. AF057139). The transition to transversion
* Present addressDepartment of Genetics, University of Georgia, ratio between clone JAD43 and the conseriduarvalis

Athens, GA 30602, USAemail: dewoody@arches.uga.edu sequence is almost exactly 2:1. The number of synony-
Correspondence tal.A. DeWoody mous substitutions per synonymous site)(is 0.62
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Mr ATGACAATCA TCCGAA---A AAAACACCCA CTAATCAAAA TCATTAACCA CTCGTTCATT GACCTTCCAG CCCCATCAAA CATCTCATCA TGATGAAACT
Ma WCLAA---. .iiiaieen b/ P o (Y < o Tevae eoasancene ssessane 100
ycytb ..A... ST.GGGGG. .......... C. T «.C...G. LLLALLLL.C Ll A. ..... Guevee tineerians caaaaaas ’1‘
Mr TCGGCTCTC’I‘ CCTAGGTCTT TGTCTAATTA CACAAATTCT CACAGGATTA TTCCTAGCCA TACATTACAC ATCAGACACA GCAACAGCA’I‘ TCTCATCAGT
Ma ..T ..TC.G...G T S Y P ¢ B - ¢ P 200
ycytb . A G C .A ..CT.A...G T TA... -.... C....
Mr . AGCCCACATT TGTCGAGACG TAAACTATGG CTGACTCATC CGATACATAC ATGCCAACGG AGCTTCCATA TTCTTCATCT GCCTATTCCT ACACGTAGGA
Ma AG....T..C ..T.G...C. .A.....T.. T..... T... .GA..CAT.. ... CC.eeBe «oCT..C.Ty tiveneeaTe veeeGannns Aciannenn A 300
yecytb CA....C..C ..C.A...T. .C.....C.. C..... A... .AC..TTG.. ... TA A. ..AC..T.G. ........T. ....A..... C...u. G
yeytb2
Mr CGAGGGGTCT ACTACGGCTC CTATAACATG ATCGAAACAT GAAACATAGG AGTTGTCTTA CTATTAACCG TAATAGCAAC AGCATTCATG GGTTACGTCC
Ma +.GG.T. .C........ AT..A.C..A ........ S GA..G.CT.A ..... CGuve tirernencn soveenann A ..C.....C. 400
yeytb ..AA.T. .T........ CA..G.T..A ........ Co viiienenn AA..A.GC.C ..... TGueve wrevvenone soasnannan A C T
Mr TTCCATGAGG CAAATATCA TTCTGAGGTG CCACAGTTAT CACAAATCTC CTATCAGCCA TCCCCTACAT CGGTACAACA CTAGTAGAAT GAATTTGAGG
Ma . T.......GC........ . e L L S TACA T.AG....G. ....T..... 500
yeytb C ....... AG....conn T ..T..C..G. eesesccBie Coviennnne Cerennnn Co eevenanane C ..... AGTC C.GA....A. .... Coevnn
Mr GGGTTTCTCA GTAGATAAAG CCACCCTCAC ACGATTCTTT GCC'I‘TCCACT TCATCCTACC ATTTATTATT ACCGCCCTCG TACTAGTCCA CCTTCTATTC
Ma G..C..C... ... Tuve. CotuCL.TC.C LaG.owvaTew weClinins weeenCutts c..T..T... ..C......G ..T....C.A ...TT..... 600
yecytb T..A..T... .....C.... T...T.CT.G ..A....C.. ..A . ... ..., T.... T..C..C... ..A......A..T....T.T ‘..AC .....
ycytb3
Mr CTCCACGARA CAGGATCTAA CAATCCAACT GGACTGAACT CAGATGCAGA CAAAATCCCA TTCCACCCCT ATTATACAGT CAAAGACTTC TTAGGGGTCC
Ma «.T..C.evv wvvAliee. ...CLLALT WGA..G..C. +...CoubG. tiiiiinns ceeeesaeCl Lol TellGe vl . T..C CulllALL L. 700
yecytb «.G..T.... ....C.o... ...C...T.A .CC..A..A., ....Te..A. ciiiivenen vneneee.Te culColAL LweeloT..T ColllCles
Mr TTATCCTATT AATAGCTTTC ATAATTTTGA CTTTATTTTT CCCAGATATT CTCGGAGACC CCGACAATTA TACCCCCGCA AATCCACTTA ACACACCACC
Ma  iiiiiieeed eeeaeas DR Cutereier reeeienie eeaaeaee, C..C..... CuveeaTuve weureeeCa uniBuanenn 800
yecytb B Cov vvnennnnn G Thoeereenne menenennnn savnnnanee o f A [, Avve veiennn T won. Couunn
yecytbl
Mr CCATATTAAA CCAGAATGAT ATTTCCTATT TGCITACGCC ATCCTACGAT CTATCCCCAA CAAACTAGGT GGCGTACTAG CACTAATTTT ATCAATCGTA
Ma CoeTeraner ceevaneeass o C..C.T... T..C..CL..C L T TRttt tiienannes sonn C....T G.C..A .A..G..CC. ....A..G.A 900
ycytb A..Cocivne tennnnneas o T..T.A... C..C..T..T ..C.AC.... tetriuccnas vuonun T....A A.G..C .T..A..CC. ....G..C.T
yeytbd
Mr ATCCTAGCCT TCATACCACT CCTCCACACT TCAAAACAAC GAGCATTAAC TTTCCGCCCA ATTACACAQAWCTGATCTCT
Ma ... Ta.. T .T....CAC. ...C..... T ceennnans C ...C.T.GA. ....C..... ..C. .A. .A..G. .T..CC 1000
ycytb ....C....C .Co. . TTT. ...T..... C ieennnans T ...6G.C.TG. ....T..... ..C.....A. .G..A.. ..T.. -v...C..TC
Mr TTGTCCTCAC ATGAATCGGA GGACAACCAG TTGAATACCC ATTTATCACC ATCGGCCAAA CAGCTTCAAT TGCCTACTTC GCTATCATCG TCATCTTCAT
Ma .AG....C.. +.....C... ..C..G..vv .....TA..C ...C....TC .TT..C.... C...T..... T.C......T ..T..C...G .Tu...n.nn 1100
ycytb TA....T.. oo Tee. WWColALLL. ... CGL.T L. T....TT .CT..G.... A...C ..... C.G ...... C ..C..T...A .A........
Mr ACCAATAGCA GGCATAATTG AAAACGACAT TCTAGACCTA GAT-TAA
Ma ... AG.. ..iieicinnr weenn Goeve dAiiiienne o T-. 1147
yeytbh ... CAit tivenennne wanan Ao... . c .......... AA
Fig. 1. Sequence alignment M. rossiaemeridionaligMr) andM. arvalis (Ma) mitochondrial cytochromb gene withlscytbnuclear pseudogene.

Pseudogene sequencing primers are underliregtblandyicytb2sequences are the reverse complement of the underlined sequencéaythie
andyicytb4read exactly as underlined.

(standard deviation 0.08), while the number of nonsyn-gene arose from a duplication and/or translocation event
onymous substitutions per nonsynonymous dsi€¢) (s within a mitochondrion is not supported by either em-
0.09, S.D. 0.01, giving & K, ratio of 6.53 (Li 1993). pirical (see Arctander 1995; Perna and Kocher 1996) or

The initial assumption was that clone JAD43 was antheoretical evidence. Such an event would most likely be
intact cytochroméo gene from a different organism (i.e., lost due to stochastic lineage sorting during cell division,
a cloning artifact). However, parsimony analyses of cy-and on the eventuality that it was retained, would cause
tochromeb sequences from each different organism un-a (5% increase in the length of the mammalian mito-
der study in our lab indicated that the sequence washondrial genome. Such an increase is contrary to the
indeed fromMicrotus (data not shown). More detailed “economy of size” typically displayed by mammalian
analyses reveal a number of features that also arguetDNA molecules. Thusycytb is almost certainly a
against PCR contamination by an orthologous ampliconnuclear remnant of a cytoplasmic gene, although at this
The most obvioussia 3 bpinsertion into the sixth codon time we have no direct evidence that the pseudogene is in
of the functional gene. This insertion is followed by nu- the nuclear genome.
merous stop codons when the gene is translated via the The time of divergenced] between two lineages that
mitochondrial or the universal genetic code, suggestingvolve at different rates is given by
that clone JAD43 contains a pseudogene hereafter re-
ferred to asicytb.

The most likely explanation focytb is that a frag-
ment of the mitochondrial genome that contained thewhere {) is the absolute rate of divergence in each dif-
cytochromeb gene was translocated to the nucleus. Thisferent lineage Nl andC) andT is time (Li et al. 1981;
phenomenon has been illustrated in various taxa includLopez et al. 1997). Following Lopez et al. (1994) and
ing Akodontine rodents (Smith et al. 1992), stone crabgeferences therein,, is estimated by 2.5 x I8 substi-
(Schneider-Broussard and Neigel 1997), &uytalopus tutions/site/year for mtDNA anil is approximately 4.7
birds (Arctander 1995) and is reviewed by Zhang andx 10°° substitutions/site/year for nuclear pseudogenes.
Hewitt (1996). The alternative scenario that the pseudoSubstituting 17.6% fob suggests thaficytb was trans-

d=MAvtN)T,
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Thomomys bottae cern in terms of evolutionary analyses. PCR amplifica-
Mus tion of Yicytbis obviously inefficient; out of a total of 127
] ) clones, only a single isolate contained the pseudogene.
100 - arvalls Direct sequencing of PCR products instead of cloning
L .1 would certainly obscure any signal produced by the
84 M. : pseudogene. This is perhaps fortuitous for those studying
57 L e the mitochondrial genome of voles and their relatives.
74 Peromyscus aztecus
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