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To study the evolutionary relationship of reverse
transcriptase (RT) containing genetic elements, a phylo-
genetic tree of 82 retroelements from animals, plants,
protozoans and bacteria was constructed. The tree was
based on seven amino acid domains totalling 178 residues
identified in all RTs. We have also identified these seven
domains in the RNA-directed RNA polymerases from
various plus-strand RNA viruses. The sequence similarity
of these RNA polymerases to RT suggests that these two
enzymes evolved from a common ancestor, and thus RNA
polymerase can be used as an outgroup to root the RT
tree. A comparison of the genetic organization of the
various RT containing elements and their position on the
tree allows several inferences concerning the origin and
evolution of these elements. The most probable ancestor
of current retroelements was a retrotransposable element
with both gag-like and pol-like genes. On one major
branch of the tree, organelle and bacterial sequences (e.g.
group II introns and bacterial msDNA) appear to have
captured the RT sequences from retrotransposons which
lack long terminal repeats (LTRs). On the other major
branch, acquisition of LTRs gave rise to two distinct
groups of LTR retrotransposons and three groups of
viruses: retroviruses, hepadnaviruses and caulimoviruses.
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Introduction

RNA-directed DNA polymerase or reverse transcriptase
(RT) was first discovered nearly twenty years ago as a
retroviral encoded enzyme catalyzing DNA replication from
an RNA template (Baltimore, 1970; Temin and Mizutani,
1970). Since then many genetic elements from a wide variety
of organisms have been shown to contain open-reading
frames (ORFs) encoding proteins that are similar in sequence
to retroviral reverse transcriptases (reviewed in Rogers,
1985; Finnegan, 1985; Weiner et al., 1986; Boeke and
Corces, 1989). These genetic elements fall into several
groups: hepadnaviruses of animals and the caulimoviruses
of plants, both DNA viruses (Toh et al., 1983); transposable
elements first discovered in yeast and Drosophila
melanogaster which like retroviruses contain gag and pol
genes and long terminal repeats (LTRs) (Saigo et al., 1984;
Clare and Farabaugh, 1985; Mount and Rubin, 1985);
certain fungal group II mitochondrial introns and a mitochon-
drial plasmid (Michel and Lang, 1985); and a group of
transposable elements first found in mammals and D.melano-
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gaster that also contain retroviral-like gag and pol genes but
do not contain LTRs (Fawcett et al., 1986; Hattori et al.,
1986; Loeb et al., 1986). The amino acid sequence similarity
detected in the ORFs of these elements suggested a common
origin for these many diverse RT sequences.

Although sequence similarity can be detected in other
coding regions between certain of these different groups of
elements, the RT region is the only region common to all
elements and thus can be used for a comprehensive phylo-
genetic analysis of retroelements. We have previously
conducted such an analysis using 37 RT sequences repres-
entative of each of these groups (Xiong and Eickbush,
1988a). The retroelements could be divided into two major
branches. One branch contained the group II mitochondrial
intron sequences and the non-LTR retrotransposable
elements. This group of transposable elements has also been
called the Line 1-like elements (Singer and Skowronski,
1985) or the poly(A)-type retrotransposons (Boeke and
Corces, 1989). The second major branch of the RT tree
contained the retroviruses and the LTR containing retrotrans-
posable elements. The hepadnaviruses, copia and Tyl
represented the most distant members of this branch, while
the caulimoviruses grouped closer to the retroviruses. An
analysis of RT sequences has also been conducted by
Doolittle and co-workers (Doolittle ez al., 1989) with
somewhat different conclusions.

Since our previous report, additional genetic elements from
each of these categories have been identified in a broad range
of taxa including plants and protozoans. In addition RT
containing genetic elements have been found that do not fit
into any of the previously defined categories. Most
interesting are the RT sequences recently identified in
bacteria. These sequences produce multicopy single-stranded
DNA (msDNA) containing both DNA and RNA covalently
linked by a branched rG residue (Inouye et al., 1989, 1990;
Lampson et al., 1989; Lim and Mass, 1989). To address
the question of the origin of retroelements we have compared
the retroelement RT sequences with the RNA-directed RNA
polymerases of various plus-strand RNA viruses from
bacteria, plants and animals. These RNA polymerase
sequences have previously been shown to be related to RT
sequences (Kamer and Argos, 1984; Poch et al., 1989). The
phylogenetic tree derived from this analysis provides a
framework to evaluate possible models for the origin and
evolution of the different categories of retroelements and
RNA viruses.

Results

Alignment of RT sequences

In our previous study (Xiong and Eickbush, 1988a) align-
ment of RT sequences was based upon groups of conserved
amino acid residues that could be identified in all RT-like
sequences available at that time. The residues used were a
modification of those originally identified by Toh ez al.
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Mx162 167.|RRNFAFHREVDTATHYVSWTIP! HOGADVVWKVDLKDFFPSVTWRRVKGLLRKGGLR| EGTSTLLSLLSTEA
meMx6S 135, ]| RHYSIHRPRERVRHYVTFAVP! HVGRRVVLKLDLKDFFPSVTFARVRGLLIALGYG| YPVAATLAVIMTES
al-Sc FGGSNWFREVDLKKCFDTISHDLI IKELKRYISD| KGFIDLVYKLLRAG
a2-8c MQYCNWFIKVDLNKCFDTIPHNMLINVLNERIKD| KGF IDLLYKLLRAG
al-Pa WNGIXQFIBGDIKGFFONIDHHILEKLLVKHFQD| QRF IDLYWKMVKAG
al-Nc FQSSHFIIEADFSKAFDS IAHSKLMEFLKETI TC| EKTLKLIRSGLKAG
IA-Pa TRPLGIPTSKDKIVQEAMKI WNGTTWMLEGDI KGFFNEVDHQVLIKILEKKIKD| QRFFDLLWKIFRAG
bl-8p KRPLTIGSPRDKLVQEILRIVLEAIYEPLY FXGCTWNI EGDI KACFDS IPHDKLIALLSSKIKD| QRFIQLIRKALNAG
RTL-Cr 'VRPIIVAHKGLRICMAVINRLLQSCCVSW KQQQAVLVTFDLOAAYNSVDIKHLMOTLQLQY LP | NDMKKLIWMWHLP L
MtP-Nc VWYRIP! ~QDNQHAYFPKRGVET! KLDSQONIYEFDLKNFFPSVDLAYLXDKLMESGIP | QDISEYLTVLNRY 1
PtI-An ~-ADLSSYGFRPMRNVSWAVGRVLNGLNNP —-- | LANYQYVVEIDI KGCVDNINHQFI SQVTPFIPKK| I ERN
R1Bm ~--SPRQHGF SPGRSTVTALRTLLDVSRAS —-~| BQRYVMAI FLDI SGAFDNAWWP MIMVKAKRNCPP | NIY --RMLTDYFRG
R1Dm ~=~CRWQFGFROGRCVEDAWRHVKSSVGAS —— - RLADLGCR | EMG--LWQSFF SGR
R2Ba —=--ARQRGF ICADGTLENSAVLDAVLGDSRK - | KLRECHVAVLDFAKAFDTVS HEALVELLRLRGMP | EQFCGYIAHLYDTA
R2Dm ——mmmnmnsm— HFRSCY IANLDVSKAFDSLSHASI YDTLRAYGAP | KGEFVDYVONTY EGG
LlNd ~-IHPDQVGF RKSINVIHYINKL| KDKNHMIISLDAEKAFDKIQHPFMIKVLERSGIQ| GPYLNMIKAIY SKP
L1Bs mmrpmummnomr KDTNBMI1SIDAEKAFDKIQQPFMLKPLNKLGID|GTYLKITRAIYDKP
I YVDYLITK~--~-~] SKMHTSLVTLDF SRAFDRVGVHSI IQOLQEWKTG| PKI IKYIKNFMSNR
Ingi -L T-~| HOYRTGAVFVDYEKXAFDTVDHDKIAREMHRMKVS | PHIVKWCVSFLSNR
r NIIPAHQFGFRESHGTIEQVNRITTEIRTAFE-| "AVFLDVSQAF DKVWLDGLMFXI XTI SLPE | STH-KLLKSYLYDR
L] GLIP! ILEAFE- 'CCAVMLOVKQAFDKVWHPGLHY KI KTHLPG{ SHF ~AFLKS|
Jockey KAIPKFQFGFRLOHGTPEQLHRVVNFALEAME - | NKEYAVGAFLDIQQAFDRVWHPGLLYKAKRLFPP | QLY ~-LVVKSFLEER
CRE1 - GVWGDVAKAVAKIRRD —~——~—~~—| LVALDGVNAYNTMSRAHI LOAVYAEQRL | KPIWGVVKVALGGP
SLACS ~~-FSGIQFGVGGHI EEATAKIRKD---------] FATKGSLAMLDGRNAYNA ISRRAI LEAVYGDS TW| SPLWRLVSLLLGTT
Txl SLRLKSVLAEV] —-IHPDQSYTVPGRTIFDNVFLIRDLLHFARR-] TGLSLAFLSLOQEKAFDRVDHQYLIGTLOAYSFG] POFVGYLKTMYASA
Cin4 mut.mmnrxmmmx —~-VSTTONAF IQKRST HDNFLYVOKVIKKLHK- | SKQAALFVKLDI SKAFDSLNWAYLLDVLKALGFT | OKWRDWIATILGSS
Tl « | LSLSLGVFPALWKSCWLFP VHKKGCR] YRGI TQTCATAKTFELCIFP ~-ISPKQHGFMPGRSTSTNLMSFVINIFRSFE-| AGTQLDAI YTDF HAAFDSLP HSLLLAKLSKLGFG| DGI ISWLSSYLSNR
Dong IISGNQSIPEFIATGITYMIPKGDF'S| mlmnmx.rrvxmunsmum NILAEEQKGCRRGHMGCKEQLI IDSTIMKHATT| KNRNLHCTYIDYKKAFDS IPHSWLIQVLEIYKIN| PITISFLRNIMTHY
BBV 53. | EANIRIPRTPARVTGGVFLVDKNPHN] ----TTE| SRLVVDFSQF SRGS THVSWPKFAVPNLQS] LTNL} LSSNLSWLSLDVSAAFYHIP LHPAAMPHLLVGSS | GLPRYVARLSST31
DABV 425 . | WYLRGNTSWPNRI TGKLFLVDKNSRN| --~~TEE| ARLVVDFSQF SKGKNAMRFPRYWNSPNLST] LRRI | LPVGMPRI SLDLSQAF YHLPLNPASSSRLAVSDG| - ~~—-~—-~~~-=---
WAV 392. | DVTIKSPRTPRRI TGGVFLVDKNPNN] ---~SSE| SRLVVDFSQF SRGHTRVHWPKFAVPNLQT] -LANL{ LS TDLOWLSLOVSAAFYHIP ISPAAVPHLLVGSP | GLERFNTCLSYS29
Copia 922. | WTITKRPENKNIVDSRWVE'S GNPIRYK| ARLVARGEF TQOKYQIDYEETFAPVARI SSF] -REILSLV| IQYNLKVHOMDVKTAFLNGTLKEEIYMRLPQGIS,
1731 546. S| GRIERFK| ARLVAKGCSQKFGVDYFETF SPVCRLESV] RLILALA| AEMOLY LHHMDVCTAY LNSELKDTVY!
Tntl 842. | YKLVELPKGKRP! CKLVRYK| ARLVVKGEEQKKGI DEDE IF SPVVKMTSI| RTILSLA{ ASLDLEVEQLOVKTAFLHGDLEEE IYMEQPEGFE | VAG
Tal 877. P| AQLVAKGY THREGVDYQEIFALVVKHTSI| -RILMSVV| VDQDLELEQMDVKTAF LAGELEEELYMEQPEGCI
Tyl 844. | YYDRKEIDPKRVINSMFI | ARGDIQHPDTYDSGMQSNTVHHYALMTS SLA] LONNYYITQLDISSAYLYADIKEELY IRPPPHLG
DIRS1 92. | EQVLPNHYSKRVFYSNVFTVPKI HRPVLDLKRLNTYINNQSFKMEGIKNLPS] 'VKQGYYMVKLDIKKAY LHVLVDPQYRDLFREVWK
Pao 758. | EPAPKTKTENR' LRVVHDAAARTRGVALNDMLLKGPNLLOS] LPGVIMR| FROHNI TATADIKE IF IQVKLRPEDKDALRYLWR
Mag 117. | LAAGVIKP2HSDWATPLVVVRKADGH LRICADYK2LNKVLAIDRFPVPKMEDLF'S N IVLSERSSEYTVINTH
17.6 230. | LNQGI IRTSNSPYNSPIWVVPKKQDA! FRIVIDYRKLNEITVGDRHP IPNMDEILG K FTTIDLAKGF HOIEMDPESVSKTAFSTK

KRLVIDFRKLNEKTIPDRYPMPSIPMILA N| LGKAKFFTTLDLKSGY HOIYLAERDREKTSFSVN |
WRLVIDYRQINKKLLA IDDILD) Q) FSCLDLMSGF HOIELDEGSRDITSFSTS

Micre. 172.|LKCNIIRPSCSPFASPMLL! DRLCVDYRELNSNTIADRYPLPLISDOIA lmm@mmxmsmrmm
?y3 318. | LONKFIVPSKSPCSSPVVLVP FRLCVDYRTLNKATISDPFPLPRIDNLLS] -'ll IGNAQIFTTLDLHSGY HOIPMEPKDRYKTAFVTP
del 554. | LNKGFIRGS' KRMCIDY*KLNSVTVKNKYPLPRIDDLFD LNGA*YFSKIDLRFRYHOLRIRA*DIPKTAFRTR|
Ire? ? |LEAGIIQPSQSSFSDPVVL! 'WCMCPDYRELNKLTIKDKFP IPVIDELLD) EI LHGSIYFTKLDLRSGY HOIRMKTEDIPXTTFRTH
caNv 270. | LDLKVIKPSKSPHMAPAFL KRMVVNYKAMNKAT IGDAYNLPNKDELL' L| IRG(KIFSSFNKSWL!D@SRPLTAH'CP
CERV 254, | LELKVIKPSKS THMSPAFL! KRMVVNYKAMNKATKGDAHNLPNKDELL' L

NV 262. | LDLGLIIPSKSQHMSPAFL! KRMVVNYKATINQATIGDSHNLPNMOELL! L

CoYNV ND. | LOMKVIRPSESKHRSTAFIVRSGTE] EXKGKERMVFNYKLLNENTESDQY SLPGI TIISK|

BSRV 12. | LKQGVL! 'TMNTPVYPVPKPDGR] WRMVLDYREVNKTI PLTAAQNQHSAGILA] T}

Mulv 201. | LDQGI LVPCQSPWNTP 'YRPVODLREVNKRVEDIHPTVPNP YNLLS} ~GL|

FelLV 200. | LDOGI LKPCOSPWNTPLLPVKK] g LREVNKRVEDIHPTVPNPYNLLS} TL)|

GaLv 198. | LOLGVLVPCRSP P (xi YRPVODLREINKRVQDIHPTVPNP YNLLS] -SL|

BakRV 199. PWNTP] XKPGTQ LREINKRTVDIHPTVPNP YNLLS TL|

HERV-E  201.|RTFRIIVPCQSPWNTPLLPVPKI d LRLVNQATVTLHPTVPNLYTLLG LL|

MuRRS 210. | LOLGILVPCQSPWNTPLLSVKKPGT:! Y*PVODLREVNKPVODIHPTVPNPYNLLS] -SL

HTLV-1 47, |LEAGHIEPYTGPG XKJ WRFIHDLRATNSLTIDLSSSSPGPPDLSS] L)

BATLV-2 132.]|LEAGHIEPYSGPGI KKPNGK] WRFITHDLRATNAITTTLTSPSPGPPDLTS] L

BLV 21. | LEAGY ISPWDGPGNN! KPNG mmmm:.mnmmnn I

RSV 40. | LOLGHIEPSLSCY q AKLVP!

IAP-H 40. | ERLGHLEPSTSPWNTPIFVIKKI

IAP-M 51. | LKLGHIDPSTSPDNTPIFVIKK
MMNTV 49. | LOLGHLEESNSPWNTPVEV IKKKS
MPMV 54. | LEAGHITESSSPWNTPIFVIKKKSG!
BERV-K  56. | LEKGHIEPSFSPWNSPVFVIQK
SMRV-H 51, | LAAGHIEPTNSPWNTPIFIIKK

SRV1 54. | LEAGHITESNSPWNTPIFVIKK

SRV2 54. | LOAGHIIESNSPWNTPIFVIKKKS! PQGYFKIVIDLKDCFFTIP:

BIV 196. | EGKISEAANDNPYNTPVFVIKKI IKECEHLTAIDIKDAYFTIPLHEDFRPFTAFSVV
8IVmnd 207.]EGKISRV PIFAIKK IKKCKRITVLDIGDAYFSIPLDPDYRPY TAFTVP

LOKKKHVTILDIGDAYFTIPLYKPYREY TCFTLL
pl e TILDIGDAYFTIPLYEPYRQY TCFTML
LQIKKQVTVLDIGDAYFTIPLDPDYAPY TAFTLP
LIKCKHMYVLDIGDAYFTIPLDPEFRPYTAFTIP
LAKRKRITVLOIGDAYFSIPLDEEFRQY TAFTLP
LAKKRRITVLDVGDAYFSIPLHEDFRPY TAFTLP
L TVLOVGDAYYSIPLDPNFRKYTAFTIP
LXKKKSVTVLDVGDAYFSVPLDEDFRKY TAFTIP

HITCNTP.
Visna 185. | EGKVGRAPP HWTCNTPIFCIKKKS

EGKVKRADSNNPWNTPVFALIL
EIAV 23. | EGKISEASDNNPYNSPI! XKKSG!
SIVmac 247. mmnnmm«rm XKKDKN]
HIV2 227. | EGQLEEAPP FAIKKKDKX]
8IVagm 253.]EGKISRVGGENAYNTPIFCIKKKD
A1Vl 198. | EGKISKIGPENPYNTPVFAIKKKDS'

u82 75. | VRYNESYEFRLVVGNGVETVPKNNKI| GSVDGSLATIDLSSASDS ISDRLVWSFLPPELYS | YLDRIRSHYG-IVD
sP 191. | GOVVDLRVNEVRT SNKAVTVPKNS] - LLTDLRSDEGILPD
TRV 817. | LYTGXLGIWNGSLKAELRP I E FMEEWDIGEQMLR2
CPNV 1343, | HREVPALVGIECPKDEXLPMRKVFDN] LOGGEDQLKNARRN
MOV 150. | EKREYKFACOTFLKDEIRP R TDFGEHPNAEWILK

EMCV 197S. | EGDFSEVVYQTFLKDELRP I MOGFERVYDVDY! AMFRLLAEEFFT | PENGFDPLTREYLE
HAV 1891. | NCSDLDVVF TTCPXDELRPLEKVLES] H LSGTPSHFGTALIN
Polio 145. | DTYGINLPLVTYVKDELRS! EASSLNDSVAMRMAFGNL! Hl IGFGDRVDY IDYLN

HRV14 145. | DKYGIDLPLVTYIKDELRSVD)! LGFAGSSLIQSICN
TYNV 1481. | ASRSDPDWRHTTVKI FAKAQ LNIPSHLIQ-----
SNBV 273. | NLVPLQEVPMDRFVMDMKRD ‘ ! LGVDQPLLDLIECA
TRV 168. | DVRELHEIDYSSYMYMI KSDVKPKTD E FGLDEWAAFLWEVS
™MV 1286. | DFDFVDLPAVDQYRHMY KAQP! X

ANV 423. | YSDPLGVRSIDSYKHMIKS LGIPNEFLTLWENA
BMV 370. | GVNVAAETDLCRYQHMLKSD ~-DTLHL,| mvunﬁnsmwmvm ~LSLALKSRFIVPIGKISSLELKNV--

Fig. 1. Amino acid sequence alignment of RT-related and RNA-directed RNA polymerase sequences. Sources and abbreviations for each element are
described in Xiong and Eickbush (1988a), Poch er al. (1989) or in Materials and methods (see Figure 3). The numbers at the beginning and end of
each sequence indicate the number of residues from either the 5’ and 3’ end of the total ORF containing the polymerase sequence. Numbers within
the sequence represent the number of amino acids present but omitted from the figure. Question marks indicate those instances in which the ends of
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—-—----RRYGYT|
al-sc TYHKPILGLPQGSLISPILCNIVI TLVDNMLEDYI{ NLYN4PNFKRIK
a2-sc NYHNTTLGIPQGSVVSPILCNIFLDKLDKYLENKF] ENEF4 7KSFKRAY
al-Pa KDKSSI IGVPQOGIASPTLSNLVLNELDEFVONTV] DEFN63PDLAETY
al-Nc LHNNLDIGTPQGSI LSPLLCNIFLHRLDLFMESTK] AEFN50DSYVRVN
IA-Pa VKYNTY TGVPQGGVISPVLSNI YLHEFDLFVETLI| KKYSS3RNGIRVR)
::;lgr n RYKIDIVTPQGSIVSPILANI YLAQLDEF IENLK] SEFD48I0SNKLY
MtP-Nc  PDEVEILRRRG, TYNVKELFXR
PtI-An  --—------SN| TLQPTTTGVPQGGI ISPLIMNLTLOGLEFHIYKKI] -
R1Bm RRIAVVAGECA | ENKVSTMGCPQGSVLGPTLWNVLMOOLLALPQGI Ef IMLRGKFQRPP IVRYGSHVIRF | ENQVIVLGVSS
R1Dm RRAVIRSSSGT| VEVPVTRGCPQGSI SGPF IWDI LMDVLLORLQPYQ) MLLKGALRRAPTVRFAGANLPY | VRSCRYLGITV|
R2Ba STTLAVNNEMS| SPVKVGRGVRQGDPLSPT LFNVVMDL ILASLPERV] LSMIPDGHRKKHHYLTERTF1 2| VERWRYLGVDF|
VGIKGOPKOKCTVLEAQSFY1 1| TDEWKYLGINF
FLY TKNKQAEXEIRETTPFSIV| TNNIKYLGVTL)
FLYTNNRQTESQIMSELPFTIA| SKRIKYLGIQI
CRKRHCTCKI SCNNFQIPS| VTSLKILGRTL
IGA] DRTPKLLGVTF] .
VSTFADDTAILSRSRSH} PLLLNSIPLPK| ADEVTYLGVHL,
VATYADDTAFLASASOP| QEASTI | I LSQLDALDPNLKRNT IAVNADKSSQ | TTF SLRRGOCP! TPT| SSSPKYLGLTL|
TATYADDTAVLTKSKS]] VTFANRTGSCPGVSLNGRLIRH| HOAYKYLGITL|
--ARA VoW vee JLPV-----] VAEARI LGAHF
L VNNADKTEV | LELTGOTGE 2-~] EACARVLGAYV
LERAQECQEVYAAASSARINWSKS SG | LLEGSLKVDFLPPAFRDISWE - | SKIIKYLGVYL)
KEIKHMRGVROGDPLSPFLF ILAMDPLORMIERAA -D | LKVLKRI LEAFEWCSGLKINFEKTEI | FPIRYPESLWSNLMEVFPGKYS f.
EEFFCTSGVPQGCVLSPLLFSLFINDVONVLPPDG LQHYLNAFVHWCSSNLLRLCPDKCSV | ISFSHSLSP ISFNYTLSNSSL2| VLSIRDLGIIL) .
RQIATKNGIYQGDSLSPLWFCLALNPLSHOLHNOR [MKKLIDTTTIFSNDISMOFGLOKCKT |VHI IKGKVQPGDY TIDOTTOY 4 | KCLYKYLGFOQ
PIILGFRKIPMGVGLSPFLLAQFTSAICSVVRRAF] LESLFTSITNFLLSLGIHLNPNKTKR |w GYSLNFMGYVI
| ORVY YFRKAPMGVGLSPFLLHLFTTALGSEISRRE] LNAISHAVCSFLQELGIRINFDKTT® [SP- VNEIRFLGYQI
| PF IMGFRKLPMGVGLSPFLLAQFTSAL? LTAIYTHICSVFLDLGIHLNVNKTKW |W GNHLHFMGYVI
MNNFKRYL NEIKHFIGIRI
------------------ MEDLKAKI GPLHLFLGMEV| .
TAKLKGDL GPAQQILGMKI| .
KEQL GPASRILGIDI| .
EIQYDILGLEI| .
GSHYRWKTMPFGLSTAPRIFTMLLRPVLRMLRDY CLSNLKKTMDLLVKLGFKINLEKSVL |EP TOSITFLGLRI
PEENRMTSLIFGASSSPSTAIYVKNLNAQKHEAT! ---—AVLVTTDFRRKHERKPTSKTFW IDSEIVLRWTR] .
HLKSTKEVLDILERYGLKIKRSKCEF |M-----~~- VTEVRYLGFII
|rosLeLvFEKLAKANLIQLOKCEF L. KETTFLGHVL] .
| HLNSIQLVF TKLADANLKLQLDKCEF |L KKEANFLGHIV|
HVRHIDTVLKCLIDANMRVSQEKTRF |F KESVEYLGFIV| .
MLXNL SF |F MHEVTFLGHKC|
GLERLKIVLDILTDARFTFNVNKCSL (L KTVVQYLGYEV] .
L A SEETEFLGYSI
SLOLLRNNOLYAKLSKCEF |W- MEKVKFLGHVV|
QLLEEXKL FF [V LOEVEYLGHIV|
QGHYEMNVVPFGLKQAPS IFQRHMDEAF RVFRKF - HLLHVAMILOKONQHGII LSKKKAQL |F KKKINFLGLEI
QGHYQWNVVPFGLKOAPSIFPKTYANSHSNQY SK- NYINVLNILRRCEKLGIILSKKKAQL |F KEKINFLGLEI
FGLXOAPS IFORHMOTALNGADKF — HYNHVYAVLKIVEKYGIILSKKKANL |F KEKINFLGLEI
NKLYENLVMPFGLKNAPAT] "KGTEKF HSQHLYTMLOLCKENGLILSPTKMKI |G TPEIDFLGASL|
Gmmmspmwvomxn-- HVOOLEKVFQI LLOAGYVVSLKKSET OKTVEFLGFNI
TWTRLPQGFKNSPTLFDEALHRDLAD LGNLGYRASAKKAQI |C QKQVKYLGYLL|
CLEGTKALLETLGNKGYRASAKKAQI [C LOEVTYLGYSL|
KL QL jc QREVTYLGYLL
CTOGTRHLLOELGEXGYRASAKKAQI |C QTKVTYLGYIL|
- |NPREQMLYSGTWRTVGIRCPRKKAQI |C LGFTI
- |orsTRLLAE LGELGYRASAKKAQL | QMELVYLRYTL
- |LLLLSEATMASLI SHGL [T PGTIKFLGQI I
- |LOOLSQLTLOALT THGLP TSQEKTQO | T - -~ - - -~~~ -~ PGQIRFLGQVI
LVSYMDDILYASPTEEQ - |RSOCYOALAARLRDL S|t PSPVPFLGQMV|
MLHYMDDLLLAASSHDG - |LEARGEEVT STLERAGFTISPDKVOR
VIHYMDDILICHKELDV - | LOKAFPMLVAELKOWGLEIASEKVQI ADTGLFLGSKI
LLLYMDDILLCHKELTM - | LOKAYPFLLKTLSOWGLQIATEXVQI SDTGQFLGSVV|
IVHYMDDILLAHPSRSI] - |VDEILTSMIQALNKHGLVVS TEXIQK YDNLKYLGTHI| .
IIHYMDDILI. VLOCFDQLKQELTAAGLHIAPEKVQL QOPYTYLGFEL|
IIHYIDDILCAAETKDN] LIDCY TFLOAEVANAGLATASDKIQT | -- - - == == ====-———-—————| STPFHYLGMOI

ILHYMDDILLACDSAEA

HRDSYLSDPH2 mvsmnm-mmvmnnvm

LVQYMDDILIASDRTDLY
IIQYMDDILIASDRTDL

IYQYMDDLYVGSHLEIG
IGIYGDDIICPSEIAPR
~| VSVYCDOI IIDTRAAAP
YYVNGDDLLIAI HPDKA

LVTYGDDNLI SVNAVVT]
MISYGDDIVVASDYYDL4

Phylogenetic tree of retroelements

AKACYAHIISCLTSYGLKIAPDKVQV

~~-DFEALKPHFKSLGQT IT2DKSDK
-~-DFDKVRASLAKTGYKIT2NTTST
LDLIGOKIVDEFKKLGMTAT2DKNVP
--~DASLLAQSGKDYGLTMT2DKSAT

~PQVLATLGKNYGLTIT2DKSET

this ORF have not been determined. An asterisk (*) indicates a stop codon at that position. A question mark between domains 6 and .7 of th.e
SLACS element indicates that a change in frame was necessary to maintain sequence similarities. Largely unvaried or chemically similar resndqes are
shown at the top of the alignment. See text for a description of the criteria used in this assignment. h, hydrophobic residue; p, small polar residues;

c, charged residue.
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(1983, 1985). Alignment of residues between these fixed sites
was conducted using algorithms that confer a substantial
penalty for the insertion of gaps (Feng et al., 1985). Seven
peptide regions (domains 1—7) containing 178 amino acids
were found to be common to all elements. This alignment
differed from that subsequently reported by Doolittle et al.
(1989), which was based upon a progressive alignment
scheme (Feng and Doolittle, 1987). There was no disagree-
ment between these two alignment procedures in com-
parisons where the level of amino acid identity was high and
only a few small gaps were needed to maintain identity, as
for example for different RT sequences from the same
category of elements. However, the ‘conserved residues’ and
the ‘progressive alignment’ methods differed substantially
when the sequences compared were from different categories
of RT elements. In these comparisons the number of identical
residues was lower and the insertion of larger gaps was need-
ed to maintain the alignment. For example, when comparing
sequences from retroviruses and non-LTR retrotransposable
elements only the domains we have labelled 4, 5 and 6 were
identically aligned by the two methods. When comparing
the group II introns and retroviruses only domains 5 and
6 are identically aligned by the two methods. These
differences resulted from the inability of the progressive
alignment algorithms to detect protein segments or domains
in the various groups of retroelements that are not present
in the retroviruses. These additional segments are as large
as 70 amino acids (see Figure 1).

We believe the alignment based upon conserved residues
as shown in Figure 1 is to be preferred for the following
reasons. First, our original alignment utilizing 37 RT
sequences required no major adjustments when 45 newly
discovered RT sequences were added. The only change from
our previous alignment is in domains 1 and 6 of the copia
and Tyl elements. This adjustment in alignment was due
to the addition of three new retrotransposable elements
(1731, TNT1 and Tal) with substantial similarity to the copia
and Tyl elements, allowing a better identification of
conserved residues within this group.

Further support for the alignment of RT sequences shown
in Figure 1 has come from Webster et al. (1989) and Poch
et al. (1989). Using methods which combine sequence
similarities with predicted structures of the peptides these
authors have independently identified common blocks of
structural similarity among RT sequences. In the case of
Webster et al. (1989) the four blocks identified correspond
to our domains 2—S5. In the case of Poch et al. (1989) the
five motifs identified (regions a—e) correspond to our
domains 3—7. Thus of the seven shared domains shown in
Figure 1 only domain 1 has not been independently
confirmed.

Within the seven conserved domains present in all RT
sequences we have identified 42 conserved positions that
contain identical or chemically similar residues in the
majority of the 82 RT sequences analyzed in this report.
These conserved positions are shown at the top of the
alignment in Figure 1. To be classified as a conserved
position the residues had to be present in over 50% of the
RT elements from three of the four most abundant groups
of RT-containing elements: retroviruses, LTR containing
retrotransposons, non-LTR retrotransposons and group II
mitochondrial introns. The 42 positions identified by this
criterion were found to be present on average in 88% of
all RT sequences (range 55—100%). Two sets of highly
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conserved residues characteristic of the LTR group
(retroviruses, hepadnaviruses, caulimoviruses, LTR-
containing retrotransposons) and the non-LTR group (group
II introns and non-LTR retrotransposons) have been
previously described, and are essentially unchanged from
our original report (Xiong and Eickbush, 1988a; Figure 1).
The 42 conserved positions identified in this report are
representative of all RT-containing sequences. The LTR
group had on average 88.9% of these conserved positions,
while the non-LTR group had on average 86.4% of these
conserved positions. The newly identified msDNAs
contained 85.2% of these sites.

Comparison with RNA-directed RNA polymerases

A number of studies have attempted to find the relationship
between various RNA and DNA polymerases by sequence
comparisons (Kamer and Argos, 1984; Argos, 1988; Poch
et al., 1989). As expected, the enzymes most related to RTs
are the RNA-directed RNA polymerases identified in various
RNA viruses, in particular the polio-like group. To deter-
mine whether the RNA-directed RNA polymerases can be
sufficiently aligned with the RT sequences to serve as an
outgroup to root the RT tree, we have compared 15 RNA
polymerase sequences from bacteria, plants and animals.
Alignment of these polymerase sequences from representa-
tive viruses is shown in Figure 1. The alignment we obtained
between the RNA polymerases and RT sequences in domains
3—6 agrees with that of Poch ez al. (1989). The conserved
nature of the RNA polymerase sequences in the regions
corresponding to domains 3, 4, 5 and 7 have also been
reported by Halibi and Symons (1989). Most of the RNA
viruses did not have a complete domain 6, a situation similar
to the RT elements of the copia/Ty1 group. Using the sets
of conserved residues in the RT sequences we were also able
to identify domains 1 and 2. The 15—30 amino acid residue
segment between domains 2 and 3 of the RNA polymerases
was similar to that found in the non-LTR elements (non-
LTR retrotransposons, group II introns and msDNA). Of
the 42 conserved positions in the RT sequences, on average
25.2 or 60.0% are also conserved in the RNA polymerases.
These residues were most conserved in the animal RNA
viruses of the polio group (72.1%) and least conserved in
the Sindbis-like plant viruses (46.0%). While the total level
of sequence identity between the RT and RNA polymerase
sequences is low (average 12.2%) this value is similar to
the level of identity detected between the most divergent
groups of RT elements (the copia/Ty1 related elements and
the msDNA elements have on average only 12.5% amino
acid identity).

Generation of a phylogenetic tree
Using the number of identical residues scored in the 178
positions in the 7 domains shown in Figure 1, the neighbor-
joining (NJ) method (Saitou and Nei, 1987) was used to
generate a phylogenetic tree of the 82 RT and 15 RNA
polymerase sequences. A simplified version of the unrooted
tree generated by the NJ method is shown in Figure 2. To
make it easier to visualize the topology of this tree, elements
that are of the same structure and are localized on the same
branch of the tree, are indicated with a box. Only seven
elements do not fall within the eleven major categories of
elements, two of which are shown in Figure 2. Branch points
of all elements are shown in the rooted tree in Figure 3.
Since total sequence identity between the different
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Fig. 2. Unrooted phylogenetic tree of the RT and RNA polymerase
sequence constructed by the NJ method (Saitou and Nei, 1987). While
data from all 82 RT and 15 RNA polymerase sequences shown in
Figure 1 were used to generate the tree, to simplify visual comparison
of the major topologies of the tree, elements from the same class that
are located on the same branch of the tree are indicated by a box. The
length of the boxes correspond to the most divergent element within
that box.

categories of elements is low, we have also generated a
phylogenetic tree of the different elements using only the
sequence data from domains 3—7. These domains contain
the highest levels of sequence identity, and are the only
domains previously recognized in the RNA polymerases
(Poch et al., 1989; Halibi and Symons, 1989). These five
domains contain 123 residues, or 69% of the number used
in the full alignment. Using this reduced data set the
relationship of each of the major categories of elements
remains the same, i.e. the topology of this tree is identical
to that shown in Figure 2. There are however minor
differences in the order of certain branches within the non-
LTR retrotransposons, Copia/Ty1 and retroviral branches
(data not shown). Since in these instances, the differences
in topology concern only elements with relatively high levels
of sequence identity, the topology derived from the larger
data set (178 amino acids) is presented in this report.

As shown in Figure 2 the RNA polymerases are all located
on one branch which joins the RT branches on the segment
connecting the non-LTR retrotransposons with the hepadna-
viruses. The coliphages, MS2 and SP, are the most distant
members of this branch. The eukaryotic viruses clearly fall
into the polio-like and the Sindbis-like groups. When these
viral RNA polymerase sequences are used to root the tree,
all RT containing elements fall into two major branches. One
branch contains the bacterial msDNAs, group II introns and
non-LTR retrotransposons while the second branch contains
the three types of viruses (hepadnaviruses, caulimoviruses
and retroviruses) and the LTR-containing retrotransposons.
This is the same rooting of the RT tree suggested in our
original report on the basis of other considerations (Xiong
and Eickbush, 1988a). As in that report these two major
branches will be called the LTR branch and the non-LTR
branch.

The newly discovered msDNA elements are grouped
together with a series of retroelements found in organelle
genomes. These include the Mauriceville mitochondrial
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plasmid sequence, Nc-P1, from Neurospora crassa (Nargang
et al., 1984), and an ORF containing RT sequences (RTL)
linked to a mitochondrial ribosomal RNA gene fragment in
Chlamydomonas reinhardtii (Boer and Gray, 1988). These
elements in turn are most related to the group II mito-
chondrial and plastid introns on the non-LTR branch.

It has been suggested that the discovery of bacterial RT
demonstrates that this enzyme is more ancient than the
separation of prokaryotes and eukaryotes with msDNA
elements being the possible ancestor of all currently identified
retroelements (Temin, 1989). Two features of these elements
have been used to support this idea. First, the codon usage
analysis of msDNA-associated RT of Myxococcus indicated
that the msDNA-Mx162 was not recently acquired into the
genome (Inouye er al., 1989). However, both GC content
and codon usage analysis of msDNA-associated RT of E. coli
indicated that it was recently acquired in this species
(Lampson et al., 1989). Second, the ORFs giving rise to
msDNAs are the shortest and simplest of the retroelements
containing only RNase H activity in addition to the RT
activity.

The question of the relative antiquity of msDNA elements
is an important issue as it bears directly on how the tree of
RT sequences is to be rooted. The position of the viral RNA
polymerases on the tree argues against rooting the tree with
the msDNA elements. If the msDNA elements are assumed
to be the progenitors of all retroelements, then the RNA
viruses appear to be a category of retroelements whose
polymerases have undergone a substantial change from
synthesizing DNA to synthesizing RNA. This radical change
would appear to have taken place sometime after the non-
LTR retrotransposons diverged and before the hepadna-
viruses. This disjunction in the tree is avoided if the RNA
polymerases are assumed to be an outgroup. In addition there
are reasons to believe that the RNA viruses are older than
other retroelements. First, they have greater diversity in their
genomic organization and sequences than any other branch
of the tree. Second, RNA viruses are present in a wider
diversity of prokaryotic and eukaryotic organisms than are
the elements of any other branch of the tree. For these
reasons we suggest, as have others (Lazcano et al., 1988;
Poch et al., 1989), that the RNA viruses are as old or older
than retroelements and are therefore the most reasonable
branch on which to root the RT tree. A complete version
of this rooted tree is shown in Figure 3. The position of
most of the elements is shown in panel A. Retroviruses,
which are all located on one branch of this tree, are presented
in panel B.

The tree shown in Figure 3 has essentially the same
topology as that in our previous report even though it
contains an additional 45 new RT sequences as well as 15
RNA polymerase sequences (compare with Xiong and
Eickbush, 1988a; Figure 4). Only two differences are
observed, one is in the location of the branch containing the
copia and Ty1 elements, and the second is the location of
HSRYV within the retroviral branch. Copia and Tyl were
originally branched together with hepadnaviruses, but in the
current tree they exhibit a closer relationship to the other
LTR-retrotransposons and retroviruses. This difference in
topology is due to a change in the sequence alignment of
these elements in domains 1 and 6, as was noted above. In
the case of HSRV, our original report based upon 14 retro-
viruses, placed HSRYV as a separate branch of retroviruses.
In the current tree, which is based upon 29 retroviral
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name __ full name & host

MS2 group | RNA coliphage (b)

sP group IV RNA coliphage (b)

TEV tobacco stch virus (b)

CPMV  cowpea mosaic virus (b)

FMDV  foot and mouth disease virus (b)

EMCVY  encephalomyocarditis virus (b)

HAV human hepatitis A virus (b)

Pollo  poliovirus (b) Plus-strand

HRV14 human rhinovirus 14 (b)
TYMV  tumip yeliow mosaic virus (b) RNA Viru ses

SNBV  Sindbis virus of chicken (b)
T™MV tobacco mosaic virus (b)

TRV tobacco rattle virus
AMYV aifalfa mosasic virus (b)
BMV brome mosaic virus (b)

Ec87 E.coli
e " msDNA-
5.7:: i,.'.'n:... Associated RT

Mx65  M.xanthus

Nec-Pl  N.crassa mt. plasmid (a)
RTL RT-like protein (protozoan)

Pt plastid petD (green alga)

81-8c  S.cerevisiae mt. (a)

22.8c  S.cerevisise mt. (a) Group Il Introns
al-Nc¢ N.crassa mt.

b1-8p S.pombe mt. (a)

al-Pa  P.anserina mt. (a)

a2-Pa  P.anserina mt. (a)

R1Bm  B.morl (silkmoth) (a)
R1IDM  D.melanogaster
Ingi T.brucei (protozoan) (a)

F D.melanogaster (a)

G D.melanogaster (a)

Jockey Dametonagust Non-LTR

T Agambias (mosquito) Retrotransposons
] D.melanogaster (a)

Dong B.mori (silkmoth)

Tx1 X.laevis (frog)

Cina Zmay (com)

LiMd  mouse LINE 1 (a)

LiHs human LINE 1

R2Bm  B.mori (silkmoth) (a)
R2Dm  D.melanogaster

CRE1  C.tasciculasta (protozona)
SLACS T. brucei (protozoan)

DHBV  duck hepatitis B virus (a) .
HBV  human hepatitis 8 vius. ® Hepadnaviruses

WHV woodchuck hepatitis B virus
Ty1 S.cerevisiae (a)

Copia  D.melanogaster (a)

1731 D.melanogaster

Tal Acthaliana (flowering plant)
Tnt1 N.tabacum (tobacco)

DIRS1  D.discoideum (slime moid) (a)

Pao B.mori (silkmoth) LT R
M B.morl (sitkmoth)
412 Domelanegaster (a) Retrotransposons

Gypsy  D.melanogaster (a)
17.8 D.melanogaster (a)
297 D.melanogaster (a)
Micropia D.melanogaster
Ty3 S.cerevisiae

IFG7 P. radiata (pine tree)
del L.henryl (lily)

CoYMV commelina yellow mottie virus
FMV figwort mosaic virus

CaMV  caulifiower mosaic virus (a)
CERV  camation etched ring virus

Caulimoviruses
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sequences, HSRV was found as the most distant member
of the MuLV group. All retroviruses fall into four major
groups; the MuLV group, the MMTV/RSV group, the
HTLV group and the lentiviral group. The preservation of
essentially the same topology for the various retroelements
with the use of more than twice the number of sequences,
suggests that the addition of many elements yet to be
discovered will not significantly change this tree.

Sixteen new retrotransposable elements have been
identified since our previous report. Seven of these retro-
transposons lack terminal repeats. Five of these non-LTR
elements; Cind of Zea mays; Jockey, T1 and Dong of insects,
and Tx1 of Xenopus laevis are located on the major non-
LTR retrotransposon branch of the tree. The two remaining
non-LTR elements, CRE1 and SLACS, are located as a
separate branch on the tree somewhat closer to the LTR
containing elements, thus are the most distant members of
the non-LTR branch. These unusual elements are found
exclusively in the spliced leader (miniexon) genes of trypano-
somatids (Aksoy et al., 1990; Gabriel et al., 1990).

The nine remaining retrotransposable elements that are
new to the tree all contain terminal repeats; seven of these
contain typical LTR structures. Three of these elements;
1731 from D.melanogaster and Tal and TNT1 from plants
are closely related to copia and Ty1, and like these elements
have their integrase domains located amino-terminal to the
RT domain. The four remaining elements; micropia from
D.melanogaster, Ty3 from S.cerevisiae and IFG7 and del
from plants are clustered within the gypsy branch, and have
their integrase domain located carboxylterminal of the RT

Phylogenetic tree of retroelements

domain. The two remaining elements are both from Bombyx
mori and contain unusual LTRs. MAG contains terminal
repeats only 70 bp in length, considerably shorter than any
previously identified LTR (Michaille et al., 1990). POA
contains 600—800 bp terminal repeats, which have many
of the characteristics of LTRs, but contain a central
300—500 bp region composed of a tandemly repeated DNA
sequence (Y.Xiong and T.H.Eickbush, unpublished). The
only other retrotransposable element which does not fit
within either the copia/Tyl or gypsy groups is the DIRS
element from Dictyostelium discoideum. This element also
contains an unusual terminal repeat, in this case the terminal
repeats are in an inverted orientation (Cappello et al., 1985).

Clearly there is a strong correlation between RT sequence
and the terminal structure of the element. There are no
examples of an LTR-containing retrotransposon whose RT
sequences fall on the non-LTR branch, or of a non-LTR
retrotransposon whose RT sequences fall on the LTR branch.
Thus there is no evidence for sequence exchange between
members of the different groups of retrotransposable
elements present in the same species (e.g. S.cerevisiae,
D.melanogaster and B.mori).

Discussion

Similarities of RNase, protease and integrase sequences
between elements of the LTR branch have been reported by
Doolittle and coworkers (Doolittle et al., 1989). These
sequence similarities, however, are not consistently detected
within the elements of the non-LTR branch (Y.Xiong and

B

name  fullpamedhosts
HSRYV human spumaretrovirus (a)

HERV-E human endogenous retrovirus (a)
BaEV bab. dog: i

GalV gibbon ape leukemia virus

MuRRS murine U lated seq

FeLV feline leukemia virus

Mo-MuLV Momoney murine leukemia virus (a)
BLV bovine lsukemia virus (a)

HTLV4 human T-cell leukemia virus 1 (a)
HTLV-4l  human T-cell lsukemia virus 2 (a)
RSV Rous sarcoma virus (chicken) (a)

IAP-H  intracisternal A-particle (h ) ()
1AP-M I | | A-particie (

HERV-K human endogenous retrovirus o

SMRV-H squirrel monkey retrovi Retroviruses

MMTV mouse mammary tumor virus

MPMV Mason-Pfizer monkey virus (a)
SRV1 simian AIDS virus 1 (a)

SRV2 simian AIDS virus 2

BIV bovine immunodeficiency virus
Visna visna virus (sheep) (a)

CAEV caprine arthritis-encephalitis virus (a)
FIv feline immunodeficiency virus

EIAV quine infectk ia virus (a)
SiVmac simian immunodeficiency virus
HIvV2 human immunodeficiency virus 2 (a)
Sivagm simian immunodeficiency virus
SIVmnd simian immunodeficiency virus

HIV1 h [l deficiency virus 1 (a)

Fig. 3. Complete phylogenetic tree of RT elements rooted at the connection between the RT elements and the RNA-directed RNA polymerases.
(A) All portions of the complete tree except for the retroviruses. (B) Retroviral branch of the tree. The number above or below each horizontal line
indicates the branch length. The branch length between the node connecting all RT sequences and the RNA polymerase sequences was divided
equally. Functional classification of each element, its full name and the host are presented to the right of the tree. References to the sequences used
can be found in (a) Xiong and Eickbush (1988a), (b) Poch er al. (1989) or listed in Materials and methods.
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A
-
|

\
L Caulimoviruses

Retroviruses

LTR
Retrotransposons

(Gypsy group)

Retrotransposons

(Copia-Ty1 group)

RNA Viruses
Non-LTR o
Retrotransposons P4 k
¥ -
—’ o = genome |
;/p«::mw Cﬂ \V/ \f\
N / ( \
. J \i
) L\ ///\ /" msDNAs
- \— _/
Group Il Mitochondrial
Imro%s plasmid RTL

Fig. 4. A scheme for the origin of retroelements. Important structural features of each category of RT are presented. Shaded boxes correspond to
domains of the ORF of the element, solid shading, RT region; stippled, gag region; diagonal shading, integrase domain; cross-hatched, envelope
gene. LTRs present in certain elements are diagrammed as an open box with an arrow. Structural features of the ancestral retrotransposable elements
(shown in brackets) are assumed based on structures present on both major branches of the tree. For the hepadnaviruses, caulimoviruses, group II
introns, the Mauriceville mitochondrial plasmid, RTL sequences and msDNA it is assumed that only a portion of the pol gene, containing the RT

domain, entered an already existing element.

T.H.Eickbush, unpublished data). In this report we have used
the RT domain, the only domain found in all retroelements,
to determine the phylogenetic relationships of the many
diverse RT elements. In an effort to root the tree and deter-
mine in what order the different types of retroelements arose,
we have used as an outgroup the sequences of another poly-
merase which shows the greatest similarity to RT, the RNA-
directed RNA polymerase of RNA viruses. This does not
imply that all retroelements evolved directly from the RNA
viruses, only that the RNA viruses and retroelements share
a common ancestor. An alternative model in which all
retroelements evolved from bacterial msDNA, requires that
the RNA viruses be relatively young, evolving from retro-
elements at about the time of the hepadnaviruses. This
alternative model appears inconsistent with both the variety
of structures and distribution of the RNA viruses and the
substantial differences in enzymatic properties.

An order for the evolutionary acquisition of retro-
element functions

Figure 4 shows a summary drawing of the phylogenetic tree
obtained from our analysis to which we have added
schematic drawings of the important structural features of
each group of RT elements. Because retrotransposons are
the only elements common to both the LTR and non-LTR
branches, their structure is shown as the most likely
progenitor of all current retroelements. Since there is no
evidence for LTRs in the RNA viruses or hepadnaviruses,
we have assumed that the progenitor element did not contain
LTRs. The diversity of non-LTR retrotransposons, revealed
by the deep branches on the tree in this group, and their
wider distribution than any other class of retroclements (see
Figure 3) supports the suggestion that the non-LTR retro-
transposons are the oldest group of retroelements. The coding
capacity of the ancestral retrotransposable elements, based
upon the presence of features in both the LTR and non-LTR
branches, are a gag gene and a pol gene either as two
separate ORFs or one larger ORF. The only similarity in
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sequence of the gag gene between the two major branches
is a series of Cys-motifs with similar spacing of cysteine
and histidine residues (Covey, 1986; Fawcett et al., 1986;
Xiong and Eickbush, 1988b). Those elements that lack these
Cys-motifs (e.g. L1 elements) still retain this second small
OREF at their 5’ ends. In the case of retroviruses, the Cys
motif resides in the nucleocapsid protein which is believed
to be essential for efficient reverse transcription (see review
by Varmus and Brown, 1989). No examples of retroelements
with the ability to integrate but without a gag gene have been
found, suggesting that these gag genes may be essential to
sequester the retroelement’s RNA.

The pol gene of the progenitor element is shown containing
an RT domain and an integrase domain. While actual
sequence similarity within the integrase domain has not
been detected between the LTR and non-LTR elements,
preliminary data suggest that such a domain is also located
downstream of the RT domain in the non-LTR elements.
A conserved Cys-motif has been detected downstream of
the RT region in many of the non-LTR retrotransposons,
while very little sequence similarity is detected upstream of
the RT domain even between the same non-LTR elements
present in different species (Jakubczak er al., 1990). In the
case of the copia/Ty1 group of retroelements, the integrase
domain is located upstream of the RT domain, representing
the rearrangement unique to this branch.

Given this core structure for the progenitor retroelements,
the remaining categories of retroelements can be explained
by a gain or loss of various functions. In the case of the
three types of viruses on the LTR branch, the retroviruses
are the easiest to explain. These elements are most similar
to the gypsy group of retrotransposons and may represent
a retrotransposable element which has acquired an envelope
(env) gene making it possible for them to leave the cell. This
model has been proposed for a number of years based on
other lines of evidence (Temin, 1980; Finnegan, 1983). The
origins of the hepadnaviruses and caulimoviruses are more
difficult to explain, because the genomic structure of these



viruses is so different from that of the retrotransposons.
Either many different functions were acquired or modified
in two branches of retrotransposons or as would seem more
likely, segments of the pol gene were acquired by pre-
existing viruses. This segment would have also included the
RNase H domain in the case of the hepadnaviruses, and the
RNase H and protease domains in the case of the caulimo-
viruses (Doolittle et al., 1989).

A transfer of at least the RT domain of the pol gene from
a retrotransposon also appears to have occurred with the
various retroelements of organelle and bacterial genomes.
The best studied are the group II introns of mitochondria
and plastids (see reviews by Lambowitz, 1989; Perlman
et al., 1989). Most group II introns do not contain RT ORFs
and in those that do, it is located in a domain that has no
effect on the splicing of the RNA. Thus it is not clear whether
the RT containing group II introns are the progenitors, and
many of these elements have lost their ORF or as appears
more likely the RT ORF has become associated with an
already functional intron. In the other three elements a similar
event may also have occurred, in which the RT region was
captured by a mitochondrial plasmid (the N.crassa Maur-
iceville plasmid), by the mitochondrial genome itself (RTL
sequence of C.reinhardtii), or by the bacterial genome
(msDNAs).

The distribution of retrotransposable elements and
viruses
Each of the major groups of retrotransposable elements can
be found in animals, plants and either protozoans or fungi.
In certain cases even closely related retrotransposons can
be found in widely different organisms. [Note in Figure 3
the location of copia (animal) and Tal (plant), or of micropia
(animal) Ty3 (yeast) and del (plant).] On the other hand,
the three types of viruses are each localized to particular taxa,
hepadnaviruses and retroviruses to vertebrates and the
caulimoviruses to plants. The RT tree does not support the
simplest explanation for this difference in distribution: that
the retrotransposable elements are more widespread because
they are older. Both retroviruses and caulimoviruses predate
the divergence of the retrotransposable gypsy, Ty3 and del.
The presence of related retrotransposable elements in very
different taxa indicates either that the retrotransposons have
spread horizontally, or that most of the major branch points
on the RT tree are older than the evolution of metazoans.
This latter possibility seems unlikely since it would mean
that the branches giving rise to the viruses also predate
metazoans. Indeed, it has been suggested that retroviruses
evolved at about the time of the mammals (Doolittle ez al.,
1989; Temin, 1989). The current distribution of retro-
elements can be explained if one assumes retrotransposons
have been horizontally transferred across major taxonomic
groups of organisms. Once functional retrotransposons were
within a new taxa, new types of viruses evolved either by
the capture of RT sequences from these transposons by pre-
existing viruses, or by these transposable elements acquir-
ing additional genes and becoming a virus.

Materials and methods

Sequence sources

TRV (Hamilton et al., 1987), Ec67 (Lampson et al., 1989), EcB86 (Lim
and Mass, 1989), Mx162 (Inouye ez al., 1989), Mx65 (Inouye et al., 1990),
RTL-Cr (Boer and Gray, 1988), Pd (Kuck, 1989), al-Nc (Field ez al., 1989),
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R1Dm and R2Dm (Jakubczak er al., 1990), Jockey (Priimagi ez al., 1988),
T1 (Besansky, 1990), Cind (Schwarz-Sommer et al., 1987), L1Hs (Hattori
et al., 1986), Dong (Y .Xiong and T.H.Eickbush, unpublished), Tx1 (Garrett
et al., 1989), CRE1 (Gabriel et al., 1990), SLACS (Aksoy et al., 1990),
WHV (Giroens et al., 1989), FMV (Richins et al., 1987), CERV (Hull
et al., 1986), CoYMV (N.E.Oiszewski, unpublished), Tal (Voytas and
Ausubel, 1988), TNT1 (Grandbastien et al., 1989), 1731 (Fourcade-Peronnet
et al., 1988), micropia (Huijser et al., 1988), Ty3 (Hansen et al., 1988),
IFG7 (Kossack,D., unpublished), del (Smyth ez al., 1989), BaEV (Kato
et al., 1987), GaLV (Delassus ef al., 1989), MuRRS (Schmidt et al., 1985),
FeLV (Donahue et al., 1988), SMRV-H (Oda et al., 1988), IAP-M (Mietz
et al., 1987), HERV-K (Ono et al., 1986), SRV2 (Thayer et al., 1987),
MPMV (Sonigo er al., 1986). BIV (Garvey et al., 1990), SIVagm
(Fukasawa et al., 1988), FIV (Olmsted et al., 1989), STVmac (Chakrabarti
et al., 1987), SIVmnd (Tsujimoto ez al., 1989). Descriptions and full names
of the elements are given in Figure 3.

Sequence alignment and formation of a phylogenetic tree

The procedure for the sequence alignment and phylogenetic tree construction
has been previously described (Xiong and Eickbush, 1988a). Briefly, con-
served residues present in each RT sequence were used to identify the seven
domains. Alignment of residues between these fixed positions was by the
Unitary Matrix (UM) method (Feng er al., 1985). In the case of the RNA-
directed RNA polymerases domains 3, 4, 5 and 6 have been previously
identified (Poch er al., 1989). Domains 1, 2 and 7 were found by first
identifying conserved residues among the three major groups of viruses
(Sindbis-like, Polio-like and Coliphage), followed by identifying similarities
in these RNA polymerase residues with the conserved RT residues. The
percent divergence for all pairwise comparisons of the 97 aligned sequences
was calculated by dividing the number of different residues by the total
number of compared residues. Before tree construction all values were
changed to distances with Poisson correction, d = —log.S, where S =
sequence similarity (Nei, 1987). These corrected values were then used to
construct phylogenetic trees by the neighbor-joining (NJ) method (Saitou
and Nei, 1987).
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