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element, indicating that it is non-functional. The alignment
nevertheless revealed 56% amino-acid similarity, with two
regions of contiguous six- and seven-amino acid identity ~150
amino acids apart in the middle of the putative transposase.
These regions of identity bracket half of the transposase gene,
representing a third of this 1,286-base-pair (bp) element.

Degenerate polymerase chain reaction (PCR) primers were
designed to represent these two conserved regions (Fig. 1).
Amplifications from genomic DNA of D. mauritiana and H.
cecropia yielded a single band of appropriate size (490 bp),
indicating that the primers were functioning correctly. Sub-
sequent amplifications yielded a similar PCR product from ten
additional species representing six additional orders (Fig. 2a).
No amplification was obtained from genomic DNA of 65 other
insects, or from 18 vertebrates representing the major classes.
Absence of amplification products does not demonstrate absence
of mariner. Some are likely to be false negatives where single
amino-acid replacements in the conserved regions might prevent
amplification.

To confirm that these PCR products represent mariner ele-
ments, they were cloned and at least six clones from each species
were sequenced. Most of these sequences recovered one or both
of the D. mauritiana and H. cecropia elements as the best match
in Genbank using FASTA®. As with the sequence from H.
cecropia, many required small deletions and insertions for their
putative encoded amino-acid sequences to be aligned with the
D. mauritiana transposase, often resulting in frameshifts and
stop codons (Fig. 3).

FIG. 2 a Amplifications from the twelve insects that were positive for
mariner. The lanes are: (1) BRL 1 kb ladder (250 ng); (2) fruit fly (D. mauritiana,
Drosophilidae, Diptera); (3) cecropia moth (H. cecropia, Saturniidae, Lepi-
doptera); (4) earwig (Forficula auricularia, Forficulidae, Dermaptera); (5) honey
bee (Apis melfifera, Apidae, Hymenoptera); (6) bean leaf beetle (Cerotoma
trifurcata, Chrysomelidae, Coleoptera); (7) silverfish (Ctenolepisma lineata,
Lepismatidae, Thysanura), (8) horn fly (Haematobia irritans, Muscidae,
Diptera); (9) mosquito (Anopheles gambiae, Culicidae, Diptera); (10) cat flea
(Ctenocephalides felis, Pulicidae, Siphonaptera); (11) almond moth (Ephestia
cautella, Pyralidae, Lepidoptera); (12) large milkweed bug (Oncopeltus
fasciatus, Lygaeidae, Hemiptera); and (13) deer fly (Chrysops vittatus,
Tabanidae, Diptera). b, Amplifications from the same twelve DNAs using the
degenerate primer MAR 124F and a specific primer for the horn fly element,
MAR 255R (5'-ATCAAAAGCTGRTATTCATC). Only the horn fly and A. gambiae
yielded the expected product of ~450 bp. ¢, Amplifications from the same
twelve DNAs using the degenerate primer MAR 276R and a specific primer
for the honey bee element, MAR 168F (5'-TTGCCATCGTTCTCAATGAC). Only
the honey bee and earwig yielded the expected product of ~300 bp.
METHODS. Genomic DNA was prepared using phenol/chloroform extraction
and ethanol precipitation. Single individuals of the cecropia moth, honey bee,
large milkweed bug, earwig, and silverfish, and multiple individuals from one
population of the others were extracted. All have been confirmed positive
for mariner by amplifications from separately collected material, as have
the amplifications in b and ¢. The conditions for PCR® were Promega's Taq
polymerase buffer and 2.5 mM MgCl,, 200 uM dNTPs, 800 nM each primer,
0:25 units Promega Taq polymerase, and 2-20 ng genomic DNA in a 25 pl
total volume, using cell culture water (Sigma) for dilutions throughout, for
40 cycles (2 min initial denaturation at 95 °C, followed by 40 cycles of 1 min
denaturation at 95 °C, 1 min annealing at 50 °C, and 1 min extension at
75 °C, and 5 min at 75 °C to end) in a PTC-100 Thermal Cycler (MJ Research).
10 pl of each reaction were electrophoresed on a 1.2% agarose gel, stained
with ethidium bromide, and visualized with ultraviolet light.
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FIG. 1 Diagram of the mariner element showing the contiguous identical
amino acids of the D. mauritiana and H. cecropia elements®. The box
indicates the open reading frame thought to encode a transposase. The
large arrows indicate the terminal inverted repeats of the element and the
small arrows the degenerate PCR primers. The scale is for the Mos1 element.
The primers were MAR 124F-5"-TGGGTNCCNCAYGARYT (17-mer, 128-fold
degenerate) and MAR 276R-5"-GGNGCNARRTCNGGNSWRTA (20-mer, 4,096-
fold degenerate). The number refers to the amino acid in the Mos1 trans-
posase on which the primer ends and the F (forward) and R {reverse) refer
to their orientations with respect to the reading frame (Y=C or T; R=A or
G S=CorGW=AorT;N=AC G orT).

A phylogenetic analysis of these sequences was performed
using maximum parsimony as implemented by the computer
program PAUP Version 3.0s for the Macintosh’, and a rep-
resentative of the many equally most parsimonious trees is
presented in Fig. 4. Several points can be made from this
alignment and tree.

First, most of the clones from D. mauritiana are very similar
to the corresponding region of the Mosl element®, exhibiting
only 0-3 differences at the nucleotide level, within the error rate
expected from PCR with Tag polymerase for 40 cycles®, and
the variability already reported for elements from this species®”*.
Most of the clones obtained from H. cecropia are also similar
to the element previously reported®. Two control experiments
were done to test for any artefacts introduced during PCR. The
first was an amplification from the cat flea 10.1 plasmid DNA,
from which ten clones were sequenced, yielding an error rate
of 4/4.931 bp = 0.081%. The second was an amplification from
a cocktail of four plasmid DNAs (clones bean leaf beetle 11.3,
deer fly 9.2, honey bee 4.4, and horn fly 3.4), from which twelve
clones were sequenced. None showed evidence of chimaeric
clones that might result from extended primers annealing to
another clone in a later cycle of the PCR, and the error rate
was again low (2/5,884 bp=0.034%). This PCR therefore
amplifies faithfully the appropriate segments of mariner
elements.

Second, the phylogenetic tree indicates that these mariner
elements can be divided into several major subfamilies. The D.
mauritiana elements represent one subfamily, whereas the
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majority of the H. cecropia elements represent a second. A third
consists of elements similar to those of the honey bee, and a
fourth of elements similar to those of the horn fly. The sequence
identity between members of these different subfamilies ranges
from 40-56% for DNA and 23-45% for amino acids. The reality
of these major subfamilies of mariner elements is further sup-
ported by the length differences that distinguish three of the
subfamilies, features not considered in the phylogenetic analysis.
In a subsequent screen of over 400 insects and closely related
arthropods (to be published elsewhere), about 15% were positive
for mariner by this PCR assay. They include the Mediterranean
fruit fly (Ceratitis capitata), a centipede, and a mite. Sequences
from 18 of these support the existence of the four major sub-
families of mariner elements, although occasional clones suggest
the existence of more subfamilies, as do the earwig 5.1 and 5.10
clones in Fig. 4. Others are probably still undetected by these
particular PCR primers.

D. mauritiana Mosl
D. mauritiama 7.1-5
D. mauritiana 7.9
Deer fly 9.3m
Milkweed bug 2
Milkweed bug 2
Milkweed bug 2
Milkweed bug 2
2
2

NERQMERRKNTCEILLSRYKRKS -~F LHRIVTGDEKWIFFVNPKRKK S
NERQMERRKNTCEILLSRYKRKS--FLHRIVTGDEKWIFFVNPKRKKS
NERCMERRKNTCEILLSRYKRKS ~-F LHRIVTGDEKWIFFVNPKRKKS:
TERQMEKRENTCDILLTRYKRKS ~~FLNRTVMG-~——~=~~ LPK#KKS
DERQMEKRKTVCEMLLLRHKKKG--FLHRVVTGDEKWIYFQNPKRKKS

=

Milkweed bug
Milkweed bug 2.
Bean leaf beetle 11.9
Silverfish 8.5
Cat flea 10.1
Cat flea 10.4
cat flea 10.5
Cat flea 10.7

DERQMEKRKTVCEMLLLRHKRKG~-FLHRVVTGDEKWIYFQNPKRKKL.-
DERQMEKRKTVCEMLLLRHKRKG~-FLHRVVTGDEKWIYFQONPKRKKS
NDROMEKRKTTCEMLLLRHERKS --CLHRIVTGDEKWIYFKNPKRKKS-
TDROMEKRKNVCEILLQRFERKS --F LHRIVTGDE KWIYFENPRRKK -
NERQUESRKITCGTLLERHERKS --FFHRTVTEDEKWIYFENLKRKKS:
NERQQENRKITCGTLLERHERKS ~~FFHRTVTEDEKWIYFENLKRKKS.
NERQQENRKITCGTLLERHERKS ——FFHRTVTEDEKWIYFENLKRKKS:
NERQOENRKTTCEILLERHERKS --FFHRIVTGDEKL IYFENLKRKK L

1
2
6
8 DERQMEKRKTVCEMLLLRHKRKG—-F SHRVVTGDEKWIYFQNPNQKK I
1
3

Third, while all the clones for three species (D. mauritiana,
milkweed bug, and horn fly) are very similar to each other and
form tight clusters in the tree, five species (H. cecropia, honey
bee, cat flea, almond moth, and A. gambiae) have one or two
clones that are quite distinct and cluster elsewhere in the tree.
The clones from the remaining species (deer fly, bean leaf beetle,
earwig, and silverfish) are scattered throughout the tree. These
relationships indicate the presence of multiple types of mariner
elements in some species, sometimes reptesenting different sub-
families. That these relationships do not accord easily with the
phylogeny of these insects was demonstrated by constraining
the tree to group the sequences according to a generally accepted
phylogenetic relationship for the taxa'®, which required 1,111
more steps than the 1,658 in Fig. 4. The major subfamilies of
mariners might have diverged before the diversification of insects
with subsequent loss from some species and/or horizontal
transfers to others.

YVDPGQPATSTARPNRFGKK TMLCVWWDQSGV IYYE LLKPGETVNTARYQQQL INLNRALORKRP EYQKRQHRVIF LHDNAP SHTARAVRDTLETL-NWEVLEHAA
YVDPGQPATSTARPNREFGKK TMLCVWWDQSGVIYYELLKPGETVNTARYQQQL INLYRALORKRPE YOKRQHR VIF LHDNAP SHTARAVRDTLETL-NWEVLPHAA
YVDPGQPATSTARPNRFGKKTMLCVWWDQSGVIYYELLKPGETVNTARYQQQL INLNRALQRKRPE YOKRQHK VIFLYGNAP SHTARAVCDTLETL~NWEVLPHAA
WV4PRRTSTSTA#PNRLGRKTILCIWWNDQS#SI1*YLLLKPRETVNIRRYQQQLIDLNLS LLEKRPEYQTRLHKVNFPHDNAP SHTAKPVRDT *QAL-KWEVLP YAA
WVTAAQP #TSSARPDRFGKKTMLCYWWDQKGVVYYELLKPGETVNTERY LQOMINLSHALIEKRPEWRHRHTKVILOHDNAPAHSARLTKETISSL-GWELLPHP P
DEQOMEKRKTVCEMLLLRHKRKG~~F LHRVVTGD#KWIYFQNPKRKK S~—-WVTPGQP STSSARPDRFGKKTMLCVWWDQKGVVYYELHKPGETVNTERYRQQMISLSHALIEKRP:
DERQMEKRKTVYEMLLLCHKRKG~-F LH*VVTSDEKWIYFQNPKRKKS---WVTPGOP STSSARPDRFGEKTMLCVWWDQKGVVYYELLKPGETVNTERYRQOMINLSHALTEKRPEWAHRHAKVILQHDNAPAHSARLTKETISSL-GWELLPHP P
MVTPGQPSTSSARPDRFGKKTMLCVWWDQKGVVYYELLKPGETVNTERYRQOMINLSHALI EKPPEWAHRRAKVILOHDNAPAHSARLTKETI SSL-G*ELLPHPD
WVTPGQP STSSARPDRFGKKTMLCVWWEQKGVVYYELLKPGETVNTERYRQOM INLSHALIEKRPE *AHRHAK VI LOHDNAPAHSARLTKETI SSL-GWELLPHP P
WVTPGQSSTSSARSDRFGKKTMLCMWWDQKGVVYYELLKPGETVNTERYRQQM INLSHALTEKPPEWAHRHAK VI LQHDNAPARSARLTKETI SSL-GWELLPHPP
WVNPGEASTSTAKPDRFGKKTMLCVWWDQKGVVYHE LLKPGETVNTORYROQM INLNHALIEKRPEWARRHGK VILLHDNAP SHTAKAVKETI TSL-GWEVLPHP P
WLAPGEAGP STTRPNRFVLKTMLCVWWDQCGVVYYELLRPGETMNTDRYRQQI INLNHALIEKRLEWVRRHGK VIMQHDNAP SHTAKLVQDTLK TP - SWE I LQHP P
WVDPGQP STSTARPNRVGKKTMLCVWWDQEGVIYYELLKPGETVNTORYRCQIMNLNDALLEKRPA*VTRLEKVIFPHDNAPAHR SKPYRDTIAAL-HWDVLPHP L
WVDPGQP STSTARPNRVGKKTMLCVWWDQEGVI Y YELLKPGETVNTQRYRQQIMNLNGALLEKRPA*VTRLEKVIFPHDNAPAHR SKPVRDTIAAL-HWDVLPHP L
WVDPGQP STSTARPNRVGKKIMLCVLWDHEGVIYYELLKSGETVNTQRYRQQI INLIDALLEK*PAWVTRHEKVIFQHDNAPAHK SKPVRDTIAAL-HWDVLRHP P

VILQHDNAPAHSARLTKETISSL-GWELLPHP P

Cat flea 10.8

Deer fly 9.6
Silverfish 8.6
Silverfish 8.7

Deer fly 9.1

Bean leaf beetle 11.2

NERQOKNRKTTCEILLERHEKKS -~LFBRIVIGDEXKWIYFEDLKRKKS—
NDRQQENRKTTCEMLLAKQKRKS --F LHRVVTGDEK* IYFVNPKRKRS:
KVRDVERRKAICELLLQRQSRKE—-FLHRI ITGDEKWIHYENPKRKKA-
KDRDVERRKTICELLLQRQSRKG--FMHRIITGDEKWIHYENPKRKKA-
KPRDVERRYFTSEELLORQKRKG--FLHRIVTGDEKWIHYDNPKQKRA-
KPRDIERRFCMSEMLLERHK#KS—-F LRRVVTGDEKWIHHDNP KRKK S —

Honey bee 4.1lm KEKHLTQRVNSCDLLKKRNENDP ~-F LKRLITGDEKWVVYNNIKRKR S~
Honey bee 4.2 KEKHLTQRINSCDLLKKRSENDP --FLKRLITGDEKWVVYNNIKRKRS:
Honey bee 4.3 KEKHLTQRINSCDLLKKRNENDP --F LKRP ITGDEKWVVYNNTKRKRS:
Honey bee 4.6 KEKHLTQRINSCDLLKKRNENDP --F LKRP I TGDEKWVV-NNIKRKRW-
Honey bee 4.7m KEKHLTQRINSYDLLKKRNENDS --FLKRLITGDEKWVVYNNMKRKRS-
Honey bee 4.8 KERHLTQRINSCDLLKKRNENDP --F LKRLITGDEKWIVYNNIKRKRS:
Earwig 5.2 KETHLTQRINSCDLLKKRNENDP —-~FLKRLITGDEKWVVYNNIKSKR *
Earwlg 5.8 KETHLTQRINSCDLLKKRNENDP --F LKRLITGDEKWVD YNNTKRKR§:
Earwlg 5.11 KETHLTQCINICDLLKKRNENDP —-F LKRLITDDEKWVVYNNIKRKRS
Cat flea 10.6 TQKNLLDRINACDMLLKRNELDP --FLKRMVTGDEKWISYDNIXRKRS—
Earwlg 5.9 TPKNMMDRISICEALAKRNEIDP ——F LKRMVTGDEKWVTYDNIMRKRS—

Bean leaf beetle 11.3 SVKNLKDRINICNSLLKQNEMEQ--FLN--GNRRQKWTKYDNNVCKRS:
Bean leaf beetle 11.8m SMKNLMDRINICDSLLKRNEIEP--FLN*MVT*DKMSIKYDNNVRKIS
Deer fly 9.2,4,5 SVKNLMDRINICDALLKRNEIQP --FLKQLITGDEKWITYDNRKRKRS:
Almond moth 6.3 TORNLMNRVLICDSLLRRNETKP~-FLKRLITGDEEWITYDKNVRKRS-
H. cecropla 1.7 TESSLVNRVLIFDSLLRRNKAEP --F YKRS I TGDEKKEHVRLERVKK I
Honey bee 4.4m SQKNLDDRVVICTSLLARSKIEP --FLNRMITGDKKWITYNNIVRKRA-

GQPSTSSARPK:
WVDP SQP STSTVRSNRIGKKTMLCVWGDQEGVIYYELLKPGETVNTQRYRQQIMNLNDALLEKRP SWWTRHEKVIFQHDNAPEHK SKPVRDTIAAL-HWDVLPHP L
YVDPGQP AQSTPRPNRFGKKTMLCVFWDQRGV INYELLKPGETVN SQRYROQLVNLNRALRQKRPAYETRHDK LIF LDDNAPAHRTKQTRELVE SY~RWQPLPHP A
WVKP GEPGP SQPKRDTHCAKVMLCIWWDMKGVVY YELLOPGETMNGELYRRQLMR LKQALARTRP LIV
WVKPGEPGP SQPKRDIHCAKVMLC IWWDMKGVVHYELLQPDETMNEERYRRQLMRLKQALART LIVQ
YVRRGTP AP SQPKQD I HGFKVMLC IWWDQRGVVYYELLKPSETIDGARYRLQLMRLSRALREKRPE YEQRHDKVILQHDONARPHVANVVKTYLETL-RWDVLPHP P
YVKSDQPVKSTVKPNIHCAKVMFCIWWDKKGVP YYELLKPGETIDGDRYRTQLIRLKRVVAEKRPE YAIRQQE IIFHHDNARTHVAVLVKNYLENS-GWEVLPHP P

XEGVIYYELLKPGKTVNTQRYROQIMNLNDALLEKRP AWVTRHKKVIFQHD~—-——~ #KPVRDTIAAI-HWGVLPHPP

PVKTYLENV-GWEVLPHP L
PVKTYLENV-GWEVLPHPP

-~ $KKSKAGIHRKK-LLSVCWDYKGIVYFELLPPNRTINSVVYIE$LTKLNN-VEEKRPELTNRK S~ IVFHHDNARPRT SLVTRQKLLEL-GWDVLPHPP
WSRPRESAQTTSKAGIHRKKVLLLVWWDHKGIVYFELLPPNRTINSVVYIEHLTKLNNAIEEKRFELTNRKG-VVFHHDDARPHT YLVTRQKLLEL-GWDVLPHS L,
WNRPREPAQTTSKAGI RRKKVLLSVWWDYKGIVYFELLPN-RTINSVVYIEQLMKLNNTVEEKRSELTNRKG-VIFHHDDARPY # SLVPROKLLEL-GWDVLPKP L
WSRPREPAQTTSKAGIHRKKVLLSVWWDYKGIVYFELLSPNRTINSVVY IEQLTKLI
WNRPRESAQKTSKTGIHQKKVLLSVW*DYKGIVYFELLPPNRTINSVI$#IEQLTKL
WSRPREPARTTSKAGIHPKKVLLSVWWNYKGIVYFELLPP~#TINSVVYIEQLTKLNNAVEEKRPELTNRKG-VVFHHDDAIPHASLVTROKLLEL-GWDVLPHP L,
WTRPGEPAQTTSKAGIHQKKVLLSVWWDYKGIVYFELLPHNRTINSVVY IEQLTQLNNAVEEKRAELTNRKG-VVFHHDNARPHT SLVTROQNLLEL-GWDVLPHAR
WSRPGEPAQTTSKAGIHONKVLLSVWRDYKGIVYFELLPPNRT INSVVYIEQLTKL
WSRPGEPAQTTSKAGIHOKKVLLSVWWDYKGIVYFELLPPNRTINSVVY IEQLTKLNNAVEEKRAELTNREG-VVFHHDNARSHT SLVTRQKLLEL-GWDILPHP P
WSKAGESSQTVAKPGLMAREVLLCVWWDWKGI THYELLP YGQMLNSTIYCEQLDRLKQAIDQKRPELANGKG-VVFHQDNARPHT SLMTRQKLREL-GWEVLSHLP
WSKRGERAQTVAKPGLTARKVLLCY *WDWKGIIYYELLPYGQTLNSDIYCQQLDRLKGATDQKRPELANRRG-VVFHQDNARPHT STVTRQKLQEL-GWEVLMHP P
WCKSGEAQUMVTKPRLTP *KVMLCVWWDWEGI IHYELLQPGLMLDSTLYCQQLI~ - § SKQ*KQWPELINRKG-MVFHQ--ARPHK SMTTQQKLGEL-GWEVLMQP P
————— #CFWADWKGIYHYELLQPGRT IDSTLYCQQ#EIDASNRKKKRPELINRKG- IVFHQDNARPRTCLITROKLVEL-VWEVLIDP P
WIKDGEP SQVF AKPGLTFKK IMLCVWWDWKGIVHYELLPVGQTVD SQRYCEQLERLRQATEKKRPELYNGKG-VIFHHDNARPHT SLMTRQKLREL-GWEVLMHP P
WSKVGQA *QTVAKP GLTRNKV ILCVWWDWRGIVHYELLPPGKT IDSDLYCQQLMRLKEAVERKRPE LINRKG- VVFHHDNARPHT SLATQQKLREF -DWEVLVHP P
VVKGRSDFTDCSKTHVNSQYG#PCVWWDWKGIVHNELLP SGRTIDLDRYNQ* LMRLKQEVEGKRPELINRKG~ VVFHHDNARPHT SLATL*KLR-~-VWLMLMHP §
YCEPGKPSP STSKPNLT#KRMLLCIWWDIRGP IHYELLKPNEKLNSEKYCQOLONLK TAVQKKRLAMFNKKN~ IILHHDNARPHAALGIRQK I AEV-GWK I LSHPP

ELTNRKS~VVF
ELTN! F

TSLVTRQKLLEL-GWDVLPHPP
TSLVTRQKLLEL-D*DVLPYPP

TELTN*KG-VVF TSLVTGQKLLEL-GWDVLPHPP

Hor:
Hor
Hor:!
Hor:
Hor
Hor:
Al
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Bean leaf beetle 11.6
Bean leaf beetle 11.1

n fly
n fly
n fly
n fly
n fly
n fly
gambiae
gambiase
gambize
gambiae
gambiae
gambiae
gambiae

cecropfa 1.3

Silverfish 8.1
Silverfish 8.3

TFDQKQQRVDNSERCLQLLTRNTPEFFRRYMTMDE TWLHHYTPE SNRQSAEWTATGEP SPKRGKTOK SAGKVMASVFWDAHGI IFIDYLEKGK# INSDY YMALLERLKVE IAAKRPHMKKKE -~ VLFHQDNAP CHK SLRTMAK IREL~GFELLPHP P
TYDOKQCRVDDSERCIQLLTRNTPEFSGRYVTMDE TWNLHHYTPESNR * SAEWTATGEP SPKHGKTOK SAGKVMASVEWDAHGIIF IDYLEKGKP INSDYYMALLERLKVE TA4#KRSHMKKK ¢ ——VLFHQDNAPCHE SLRTMAK THEL-GFELLPHLP
TFDRKLQRVDDSERCFQLLTRNTPQFFRRYVTIDE TWLHHYTPESNRQSAEWTATGEP SPKRGKTQK SADKVMASVFWDAHGI IF IDYLEKGKTINSDY YMALLERLKVE IAAKRPHMKK KK——-VSFHHDIAPCHKSLRTMAK IHEL-GFELLPHPP
TFDQKQQRVDDSERCLQL~--#NTLEFFRQYVTMDE TWLHHYTPESNR LSAEWTATGEP SPKRGKTQK SAGKTMASV#WDAHGI IF IDY LEKGKTIKSGYYMPLLERLKVE IAAKRP NMXKKK -~ VLFHQDNAPCHK SLRTMA # THEV-GFELLPQP L
IFDOKQQORVYDSERCLOLLIRNTPAFFCRYVTMDE TWLHHYTPESNRQSAECTATGEP SPKRGKTQK TADKVMT SVEWESHGIIF IDYLEKGKT INSDY~ $ ALLERLKVE TVAKRRHMKK KK -~ VSFYQDNAPCHK SLRTMAK IHEL-GFELLPHP P
TFDOKQQRVUDSERCL*LLSRNTPDFFRRYVTMDE TWLHHYTPESNRQSAEWTATGEP SPKRGKTQ* SAGKVMASVE*DAHGIIFIDY LEKGKTINSDYYMALLERLKVETASKRPHMKKKK -~ VLFHPDNAPCHK SLGTMAK IHEL-GFELLPHP L,
TFDQKHQRVDDSERWLQLF TRNTPEF #RRYVTMDE TWLHHYTPE SNRQSAQWTATGEPAPKRGKTQK SAGKVTVSVEWDAHGI IF IDK LEKGKT IK SDYYMALLERLRVE TAAKRPHLKKKK—~VLFHODNAPCHK SLRTMAK IDEL-GFELLPHP P
TFDOKHQRVUDSERCLQLLTRNIPEF LRRYVTMGE TWLHHYTPESNRQSAQWTATGEPAPKRGKTQK SAGKVMASVEWDAHCGIFFIEY LQKGKI INSDYYKALLERLK VK SAAKRPHMKKKK: LFHQDNAPCHK SLRTMAKIDEL-GFELLPHPP
TFDQKHQRVDDPERCLQLLTRNIPEF LRRYVTMGE TWLHHYTPE SNRQSAQWTATGEPAPKRGK - -~ SAGKVMASVEWDAHGI IFIDY LEKGKTINSDYYMALLERLKVE TAAKRP HMKKKK—~ VLFHQDNAPCHKSLRTMARIDEL-GFELLPHP P
TFDQKHQRVDDSERCLOLLTRNIPEFLRRYVTMGE TWLHHYTPE SNRQSAQWTATGEPAPKRGK ~ -— SAGKVMASVEWDAHGI IF IDY LEKGKT INSDYYMALLERLKVE IAAKRPHMKK KK -- VLFHQDNAPCHK SLRTMAK IDEL-GFELLPHP P
TFDQKHQRVDDSERCLQPVN-—=$#EFLRRYVTMDE TWLHHCTFESNRHSAQWTATGEP APKRGKTQK SAGKVMASVEFWDAHGIFF IEY LQKGKIINSDYYKALLERLK VK SAAKRP HMRK KK —- VLFHODNAPCHK SLRT LAK IHEL-GFELLPHP P
TFDQKQQRVDYSQQCLELFERNNSEFLRRYVTMDE TWLHHYTPKSNRQSSEWTGRDEP APKRRKTQQSADKVMAYVFLDSQGIIFIDY IEKGKTINSEYYIKLLERLKDE IATKRPHLKKKK~~FLFHODNAPCHK SVKTMEX IQEL-GYELLPHP P
TFDQKQQRVDYSQQCLELFERNN SEFLRRYVTMDE TWLHHYTPKSNRQSSEWTGRDEPAPKRRKTQQSADKVMAYVFLDSQGTIFIDY IEKGKTINSEYYIKLLERLKDE TATKRPHLKKKK--FLFHQDNAPCHK SVKTMEK IQEL-GYELLPHP P
TIDQKQQRIDDSEQCLELE NRNKPEF LRRYVTMNN TWVHLETPESN *QSVE * TTCDEP TPKCGKTQK TAGKVMASVFWDVHGT IF IDY LKKGKTINSDYYVALLER *KDE TAEKLPHLEKKT--VLF LQDNTPCHX TMKTMAKLHEL-GFELPPHP §
TVDQKLQRIDASEECLALLNRNKIELYGRYVTMNETWLHYYTLESKR # SAEWTVVDEPNPKRAKTQQSAGKVMASVE *NANGTIFIDYLREETT INSDCYCALFERLKAK IAKKWPHLOKKK MEHQDNALCHK SMKTMAKLNEL-GFELLTHPL
TVDQKQKRIDASEECLAVLNRNK IEF YRRYVTMNE TWLHY YTPESKRQSTEWT VA~~~ §PKRAKTQQSAG=-~~# SAFWNANGT IF IDYLQKE TTINNDY YCALLDRLKAK TAXKRP HLRKKK- #VSPKNAPCHKS--~—-— #SEL-GFELLTHPP
NVTQKQKRVESCQQL~#QY SENP TEFFERLVTVDE TWFLYETPEKKRQPMEWRHTGSPRPKKARMGLEF VRKEMATV YWDQEGILLVEWLPPNTSIDSES $CSSLHR #P PTHP TTRQGKWDRS -~ VLLQNDNTRPHVSRQT I * TVYEL-GCRVLPHP T
IVAQKQKRVE [CEQLMQQY SENPTEFFERLVTVDE IWF LYETPEKKRQS IEWRHTGSPRPKMARMGLFVWKQMAAVFRDQEGI LLVEWLPPKTSIDSESYCSSLH * LRRR IQORRQGKWGRG—~VLLOHDNAQPHVSRQT IATVHEL-GFSVLTHP P

LE SESNLQTRVDCYVTLLNRHNNER- ~KMYDNRKGSLQ
SESNLQTRVDCCITLLNQHNNEG--I*NRTITCDDKWILYDNRKRSSQ-
SESNLOQTRVDCSVTLLNRHNNEG-~ILNRIITCOEKWILYDNRKRSSQ:
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H. cecropfa 1
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FIG. 3 Alignment of translations of at least six clones of mariner PCR
fragments from each of the twelve species. The sequences are organized
according to their phylogenetic relationships, and the main subfamilies are
separated for clarity. The symbol # indicates a frameshift to maintain an
aligned reading frame, and an asterisk indicates a stop codon in the aligned
reading frame. Clones indicated by an 'm’ required removal of 1-9 bp for
alignment (which were treated as frameshifts); a period indicates lack of
an open reading frame. The consensus sequence indicates in capital letters
amino acids shared by most clones in each major subfamily, and a small
letter those shared by three subfamilies. Single representatives are shown
for multiple clones that were identical in amino-acid translation despite
underlying DNA sequence differences, for example, D. mauritiana 7.1-5. The
D. mauritiana Mos1 and H. cecropia MLE sequences are the corresponding
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WLNPGDPAKSCPKR*LTQKKLLVVEWWT SAGVIHYSFLKCGQT ITVDIYYQQLQAMKEE LAAKHPRLVNRSR- SLLLHDNARPHTAKQT TTKLNKL-QLEC LRED P
RLNPGDPVKSCPKRKLIQKNLLVSVWWT SAGVVHYSFLKYGQTITADI YCQQLQTMKEE LAANK LRLYNCSR-PLLLHDNARP Y TAQQT TTKLDEL-QLECLRHP L
WLNSGYPVKSCPKRKLTQKKLLVSVWWT SAGVVHYSFLKSGQTITADIYCQQLQTMKEELAAKQPRLVNRSR-PLLLHDNARPNTAQQT TTKLDEL-QLEGLRQP P
WLNPGDPAKSCPKRKLTQKKLLVSVWWTSAGVIDYSF IKSGQTITADT *COQLQTMKEELATKOPRLVNRSR-PLLLHDNARSYTVQOQT TSKLDEL-QLECLRHQP
WLNLGDLAKSCPKRKLTQKKLLVSIWWT SAGVVHYSFLKSGQT ITA-—- $QQLQTMKEE LAAKQPRLVNRSR-PLLLHDNARPHTAQQT TTKLDEL~QLEGLREPP
WLDPGSAPKQCPKRKLTLRKVMVTVWWS § AGVTHHSF LPNGVT ITADEYCEELNTMMEKLAKLOPALVNRSS-PLELYDNARPHT AQQTVSKLQEL-GLEALRKP P
WLDPGSAPKQCPKRKLTPRKVMVTVWWSSAGVIHHSE LPNGVSITADVYCEELNTMMEKLAHLQPALVNRSS-PLLLHDNARPHTAQQTVSKLQEL~GLEALRHP P
WLDPGSAPKQCPKRKLTPRKVMVTVWWS SAGVIYHSF LPNGVSITADVYCEELNTMMEK LAHLQPALINRSS-PLLLHDNARPHTAQQT VSKLQE
LLOTDEPPRHFPKAKTHOKTTMVTVWWSAAGV IHYNF LOPGQT ITAECYCEE IEE INRKLRQQKP ALVNRRG- LI LVRDNARPHVSQITVRKLNEL-GVEVLPHPP
IPD#EGNRADTYVTLLSCLRKEP--FLDRMLTCDQKWVLYEVPRRRYH—-~WLVSHEP - - $#FQNQONNIKEDLLCYW-TARGIVHWELLSAGQI INATVYCQQLSSVHEKLK TLRPALLNCEG- VILLQDNAKPHVARMTRDTF LLL-GWET LLHP P

LEALRHPP

NEVNKENR--LRATEQHAAINSA—-FCTEWSKGGEKWCLYVNMKQ------~ #APGDKPTPRVKQDLHP KK SMICVWWDWDSM LHWEMLERNATVNKELY TAQLRRVNEAMRLKRP D~ - -RQGOVILLHDNARPHVAQVVKTVHQEL-EWEVFQHP P
NEVNKENRLQ#RAIEQHAEINTA--FCTE # ITGDEKWCLYVNMKHRKE~~~WVAPGD#P TPRVKQDLHRKK TMLCDWWDWE SMTHWEMLEKNASVNKELY TAQLCRVNEAMG LKRPD -~ ~RQGQV I LLHDNARPHVAQVVKTALQEL-EWEVLQHP P

TEEQASKRVE ICRQLLSNE LDDR -~ LWKHIVTSDYKWVY LVQHNRDK R~ -~ WWKKGQE TP P SVPKQDRFDKK VMCLWWNFEG T VHFELVPNGRAVNAELYCQOLERVY DK LKKMYPTLINRKR- ALMQQDNAKPHT ARKTKDKE AEVDGVEVLPHP A

whd G L tn Y gk (34 r hDWA pH el g EVLpHPP

regions from references 8 and 5, and are amino acids 125-275 of the Mos1
element.

METHODS. PCR products were separated on 1.2% NuSieve (FMC) agarose
gels, purified by the freeze-fracture method?°, and cloned into ddT-tailed
pcDNAIIL (In Vitrogen) plasmid vector®*. Cloning and plasmid minipreps?2
were by standard methods?3. The inserts were sequenced enzymatically>*
using Sequenase v2.0 (USB) on both strands for most of their length.
Compressions in regions near the primers that were only sequenced on one
strand were resolved with the use of dITP. Sequences were aligned manually
using the FASTA alignments from Genbank as a guide, with confirmation
using Clustal V (ref. 25). They were translated using DNA Strider 1.1, with
judicious use of frameshifts to maintain an aligned reading frame. The
transiations were again aligned using Clustal V, with final manual adjustment.
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1, D.mauritiana Mos1

15 D.mauritiana 7.1-5
8 D.mauritiana 7.9
Deer fly 9.3m
—— Milkweed bug 2.1
17 — Milkweed bug 2.2
— Milkweed bug 2.6
10 T Mitkweed bug 2.8
Milkweed bug 2.7
7 L— Milkweed bug 2.10
10 Bean leaf beetle 11.9
‘—— . Silverfish 8.5
6 [ Catflea 10.1
16 Catfiea 10.4
12 Cat flea 10.5
Catth (%(a)t 7ﬂea 10.8
at flea .
25 30 Deer fly 9.6
17 Silverfish 8.6
17 9 l——: Silverfish 8.7
FIG. 4 An arbitrary representative of the many 1 %:‘;’J%%Lee"e 1.2
most parsimonious trees of the mariner phy- — Honey bee 4.1m
logeny. Gaps and frameshifts were treated as Honey b::ntﬁbee a7m
missing characters. The Heuristic option of PAUP’ 12 Honeyybee 42
was used, with random addition of sequences and 30 E Honey bee 4.3
TBR branch swapping. Ten iterations were done, *é‘;’:z{gbse‘;*a
each terminated after accumulating over 1,000 3 Earwig 5.8
equally parsimonious trees of 1,658 steps, with 14 13 Earwig 5.1 Catflea 10.6
a consistency index of 0.611. The tree was rooted 8 Earwig 5.9
at the midpoint, because no outgroup is available 16 6 9 Elsean leaf‘ b::?ﬂg 11.3
for comparison. Branch lengths (in number of 11 Doorfly 9245  Coanleafbeetle 11.6m
amino-acid changes) are indicated for those nodes &r—— Almond moth 6.3 i
that were present in 100% of the trees from the Honey beo 4.4m H. cecropia 1.7
final run, according to the semi-strict consensus _j Horn fly 3.1
option of PAUP. Trees derived using the PROTPARS mf:‘n %%34
option, or from the DNA sequences using only first Hom fly 3.7
and second codon positions, have the same Hormn fly 3.5m
features of topology relevant to the arguments AH°;"”1);.638'822 3
presented here, any differences being in the poorly A gambiae 22.5
resolved relationships of the major subfamilies to 12 Aga mbia’;' 292"’;””"3 2n
each other and the unusual clones such as the A. gambiae 22.10
silverfish 8.2, 8.4 and earwig 5.1, 5.10 clones. 42 26 A. gambiae 22.2
_4I I A. gambiae 22.7
18 . cecropia 1.3
_L_{:- Bean leaf beetle 11.6
Bean leaf beetle 11.1
39 ————————— Silverfish 8.1
TV
_ Sl|Ve|‘fISsh 8.3 H. cecropia MLE
H. cecropia 1.1
28 H. cecropia 1.2
26 H. cecropia 1.5
H. cecropia 1.4
18 25 Almond moth 6.1m
—_—i | Almond moth 6.4.5.6
9 Almond moth 6.9
Earwig 5.6
25 Silverfish 8.4
47 Earwig 5.10
Lr 1 Eawig5.1m
Silvertish 8.2

Finally, the occurrence of recent horizontal transfers is
strongly indicated by the relationships of the mariners from
some species. The majority clones from the horn fly and
A. gambiae are closely related (91-96% DNA and 80-90% amino
acid identity), as are the majority clones from the honey bee
and the earwig (94-96% DNA and 86-91% amino acid identity).
The presence of the horn fly type element in A. gambiae and
the honey bee type in the earwig was confirmed using PCR
primers specific to these elements (Fig. 2b, ¢). The two flies
represent the suborders Cyclorrhapha and Nematocera respec-
tively, which last shared a common ancestor at least 200 Myr
ago''. The honey bee and earwig represent the principal insect
divisions Endopterygota and Exopterygota respectively, which
last shared a common ancestor at least 265 Myr ago'®. It is
unlikely that a transposon would be conserved at 91-96% of
nucleotide positions for these durations. For comparison, the P
element from Scaptomyza pallida, which is in the family
Drosophilidae, is only 78% identical to the Drosophila
melanogaster P element'. Nor is it likely that these elements
could have converged in sequence to this extent. Indeed, most
of these nucleotide changes are non-synonymous, indicating
relatively unconstrained evolution of these elements. Their pres-

244

ence in such distantly related insects therefore most probably
resulted from horizontal transfer. On the other hand the mariners
from the two moths are relatively closely related (64-67% DNA
and 57-65% amino acid identity) indicating possible vertical
inheritance. Similar patterns of vertical inheritance and horizon-
tal transfer have been reported for mariner* and other trans-
posons'* in various Drosophilids, as well as for endosymbiotic
bacteria of insects'’. Whatever the mechanism'®, the mariner
phylogeny implies that horizontal transfers have occurred
relatively frequently and over great taxonomic distances.
Horizontal transfers might even be integral to the persistence
of these ‘selfish’ genetic elements'”.

The widespread but apparently sporadic distribution of
mariner elements suggests that they might be developed as
genetic transformation systems for non-drosophilid insects and
other arthropods. The Mosl element from D. mauritiana is
capable of transposition into the genome of D. melanogaster'®.
It is possible that it will function in all arthropods. Alternatively,
elements from close relatives of the target species might be used.
For each species described here, at least one clone was recovered
with no major deletions, frameshifts or stop codons, suggesting
that each species might be found to contain elements with intact
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