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ABSTRACT

During the formation of a transcriptionally active
macronucleus, ciliated protozoa excise large numbers
of interstitial segments of DNA (internal eliminated
sequences; IESs) from their chromosomes. In this
study we analyze the published sequences of 20 IESs
that interrupt surface protein genes of Paramecium
and identify a consensus inverted terminal repeat. This
sequence is similar to the ends of the Tc1-related
transposons found in nematodes and other meta-
zoans, as well as to both the ends of the Tec
transposons and at least some of the IESs in the
distantly related ciliate Euplotes crassus. The resuits
of these analyses bolster previous proposals that IESs
were created by transposition.

INTRODUCTION

Ciliated protozoa undergo extensive reorganization of their
genomes during their normal life cycles (reviewed in 1-5). This
global DNA rearrangement process is possible because each
organism contains both a micronucleus and a macronucleus. The
micronuclear genome consists of conventional eukaryotic
chromosomes. It is transcriptionally inactive during the
vegetative proliferation of the organism, but plays a major role
during sexual reproduction and thus is viewed as a ‘germline’
nucleus. The second nucleus in the cell, the macronucleus,
provides for the transcriptional needs of the cell during vegetative
proliferation. Its genome consists of a subset of the DNA in the
micronucleus, arranged as subchromosomal, linear DNA mole-
cules. These are each present in 45-15 000 copies per macro-
nucleus depending on the species. Following the sexual phase of
the life cycle, the old macronucleus is lost and a new one is
generated from a mitotic copy of the micronucleus. Extensive
DNA rearrangement occurs during the development of the new
macronucleus, including chromosome fragmentation, de novo
telomere synthesis and DNA amplification.

In addition, macronuclear development entails the elimination
of large numbers of interstitial segments of DNA (IESs; internal

eliminated sequences) through DNA breakage and rejoining, or
splicing events. Such events are extremely common in hypo-
trichous ciliates, where 50 000100 000 IESs are excised during
macronuclear development. All ciliate species examined in detail
have been found to undergo DNA breakage and rejoining events,
but characterization of different IESs and their excision processes
have generally indicated that there is a great deal of heterogeneity
within and among species. For example, hypotrichous ciliate such
as Oxytricha nova, Oxytricha fallax, Oxytricha trifallax and
Stylonychia lemnae all possess relatively short IESs (14550 bp:
e.g., 6-10; A. Seegmiller, K. R. Williams, R. L. Hammersmith,
T. G. Doak, D. Witherspoon, T. Messick, L. L. Storjohann and G.
Herrick, manuscript submitted). These IESs are all bounded by
short direct repeat sequences, one copy of which is retained in the
macronuclear DNA, but the length and sequence of the direct
repeats varies from IES to IES. IESs in Tetrahymena thermophila
are generally larger, but again differ in the lengths and sequences
of their direct repeats (e.g., 11-14). Moreover, for one T.thermo-
phila IES, a purine-rich sequence element flanking an IES has
been shown to be essential for developmental excision, but other
characterized T.thermophila IESs lack this element (15,16).
Large transposons have also been identified that undergo
developmental excision. In the hypotrich Euplotes crassus, two
related 5.5 kb transposons (Tec1 and Tec2) exist in ~7000 copies
each per haploid micronuclear genome and undergo develop-
mental excision (17-19). Approximately 2000 copies of a related
transposon (TBEL1) exist in the micronuclear genomes of O.fallax
and O.trifallax, but these differ in that they have telomeric repeat
sequences at their ends and also appear to be excised by a different
process than the E.crassus Tec elements (20,21). Finally,
although most IESs are excised such that the immediately
flanking DNA sequences are joined, some macronuclear DNA
molecules in O.nova appear to be formed by a splicing and
deletion process that reorders micronuclear DNA segments (e.g.,
22).

E.crassus is one ciliate system for which a somewhat unified
picture of developmental DNA breakage and rejoining has
emerged. This organism possesses both short, unique sequence
IESs (17,23) and the Tec elements mentioned above. All of these
sequences are bounded by the same dinucleotide repeat, 5’-TA-3’,
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and are precisely excised during development (24). Moreover,
concomitant with the excision of both Tec elements and IESs in
E.crassus, free circular forms appear with an unusual junction
region, indicating that the two classes of sequences are excised by
a similar mechanism (25,26). These observations have bolstered
the proposition that the short IES sequences represent degenerate
forms of transposable elements subject to developmental DNA
excision (reviewed in 3,4). It has been noted that the micronuclear
genome presents a favorable site for the expansion of a transposon
family because the micronucleus is primarily transcriptionally
inactive. Thus, any transposon that developed a mechanism for
excision (with either element or host encoded functions) during
macronuclear development would be able to extensively populate
the micronuclear genome, and, over the course of evolution, some
copies of the transposon would be expected to degenerate to the
point where they retained only the essential cis-acting sequences
required for excision.

Recently, studies of micronuclear gene organization in
Paramecium have provided one of the first indications of
inter-specific similarity in the IES phenomenon. Numerous short
IESs (28-882 bp) have been identified by a number of different
laboratories in members of the multi-gene family encoding a
major surface protein of this species (i-antigens), and all have
5’-TA-3’ terminal direct repeats as in E.crassus (27-29; H.
Schmidt, personal communication). In the current study we have
analyzed the terminal sequences of these Paramecium IESs. Our
results indicate that the Paramecium IESs have a region of
conserved sequence at their ends, in inverted orientation, and that
this sequence is similar to the ends of the Tec transposons and the
Tc1-related transposons. The deduced consensus sequence for the
Paramecium IESs is shown to have predictive value for
identifying IES ends. Additional analyses suggest that
Paramecium IESs have lost internal sequences during evolution,
such that they approach a minimum size of 28-29 bp. These
results provide additional evidence for the hypothesis that the
small IESs arose via the duplication of transposable elements.

MATERIALS AND METHODS
DNA sequence analysis

To search for significant sequence similarities within and flanking
IESs, we employed a previously described statistical method
(30,31) that compensates for the overall base composition of the
region under analysis. In brief, one calculates the overall base
composition of a series of sequences aligned relative to a
reference point. The average expected occurrence of a given base
(M) at a particular position is then calculated as Nfy,, where N is
the number of individual sequences being analyzed and f, is the
overall frequency of an individual base (A, C, G or T), or two
alternative bases (A or G, C or T, A or T, etc...). The standard
deviation is calculated as the square root of Nfy(1 — ). Positions
in the sequences where a base, or two alternative bases, occurred
at >M + 3 standard deviations were considered to be statistically
significant.

Consensus sequence

To derive a consensus sequence, only those positions were
considered where a base, or a combination of two alternative
bases, was present at a statistically significant frequency as
defined above. In some cases, a single position displayed two or
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more statistically significant bases and/or combinations of
alternative bases. In this instance the following conventions were
used for deriving the consensus: (i) the statistically significant
single base was included in the consensus when it was present at
a particular position in >70% of the sample sequences, and (ii) in
cases where a single base was not present in 70% of the sample
sequences, the statistically significant combination of two bases
that occurred at the highest frequency was included in the
consensus. ‘

IES profile analyses

The programs PROFILEMAKE and PROFILEGAP (GCG,
version 8.0; ref. 32) were used to construct position-specific
scoring tables, or profiles, from aligned Paramecium IES ends,
and to search micronuclear sequences for profile matches.
PROFILEMAKE settings were default, except GG and CC match
scores were elevated from 1.0 to 1.5; other scores were default
(AA and TT matches 1.0, mismatches —0.6). Profile B was
derived from the 15 terminal nucleotides of each of the two ends
(ungapped) of the Paramecium IESs displayed in Figure 1. This
profile was used to search for IESs in non-Paramecium
micronuclear DNA sequences. Profile A was constructed from
the same regions of the IESs, but IESs —10, 1416 and 6435 of the
51A gene and IESs 11, 1417 and 5464 of the 51 B gene were
omitted. Profile A was used to search Paramecium micronuclear
DNA sequences. For both profiles, the constituent sequences of
identified paralogous IES pairs were given reduced weights, W,
reflecting the fraction, fi,, of their first 15 nt that match. The
weighting factor was calculated as W= 1 - 0.5fp,. The paralogous
IES pairs that were weighted are the three shown in Figure 3
(included in profile B only) plus the 28 bp a-51D and 28 bp e-51D
IESs (see Fig. 1A).

PROFILEGAP was then used to search micronuclear sequence
files for matches with the profiles. Default settings were used
except global matches were demanded, where the highest-scoring
full 15 bp match is reported. Because PROFILEGAP only reports
the top match in a given sequence, the following procedure was
employed to examine successive next-best matches. The first 5 nt
of the top matching sequence (which were always TA and three
further nucleotides) were altered to ‘NNNNN’, rendering that
sequence a poor match with the profile. The resulting ‘damaged’
sequence was then searched for the next best match, and in turn
the first 5 nt of this match were altered. In this fashion the
highest-scoring 0.3% of all matches were identified [a sequence
of N nucleotides has N — 14 possible independent matches with
a 15 nt profile, so0 0.3% of all possible matches =0.003 x [N — 14]
matches]. To be able to search for both ends of each IES, each
profile query sequence was generated by appending the reverse
complement of each IES-carrying micronuclear sequence 3’ to
the sequence itself, so the full query sequence was a total
palindrome, twice the length of the micronuclear sequence. No
gaps were found in any match.

RESULTS
Sequence similarity at the ends of Paramecium IESs

Recently it has become possible to analyze the micronuclear
organization of genes in Paramecium. Five genes encoding
variable surface proteins have been the first to be sequenced, and
20 IESs have been identified within their coding and flanking
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-6Q =50 =40 -3Q -2Q -19 Py 19 20 3Q 10 50
S51B:left -11(36 bp) AGTTTTGTAAAAATTAAATTTTATTCATAATTTAGCTTGATTAGAATGTAAACCTAAAGTTATAGTATAATCCCATCAT
S51B:right -11(36 bp) ACTTGCTGCTAAAGTTAGCAACAATGCAAATATCATGAATTATTTATTCATTAAAAGTATTATAGTTGAAATTAGAGAT
S1B:left 1417(44 bp) TTTCTGGGATTCAGCCAGTTCAACTTGCAAGGATAAAACTTGTGCTAATGCTCCATCAACTATAGTAATTTTATAATAATATT
51B:right 1417(44 bp) CATTGGTTGAGTTTACTGTACAAGATGATAAAAAGGCAACACATAAATCATTAGTAGTATTATACCTATATAATTATTATATA
S1B:left 3928(416 bp) AACTGGTTGCGTAACAATTTAATCTGCATGCACTGGATACACAACAATTGCTAATTGTTATACAGCTTAATTAAGAAACATTTTCAACAATTTTGATATTAATCAAAAGG
S1B:right 3928(416 bp) CTGATATAGCTTAACAGGCAGAATCACCACTATTAGCGGTACAATATCCAGCAGTTGATCTACAGCTGATTAATTTAATTTATAAGTGTATAATTTTAAATTTGTTAATA
S51B:left 5464 (28 bp) TTCATCAGCAAATGTATAATGTGAATGGATGCCAGCTGTAGGAACTAACTAAGCATATTGTATTAATAAATTTAT
51B:right 5464 (28 bp) AACTTGCACAAGCTGATTCAGAGGTTAATGT TGCTGGGGCTGTATTACAAGTCTTAACAGTATGGAAGAAATAAA
S1A:left -712(77 bp) AGACATGTATCAAAATGCAGGCAATTTCCAATATATTTTTCGAGAATATTCTATTGT TAGRATTGCTACTTTAAAAATCTTCATCTTCATGAATTAATA
S1A:right -712(77 bp) CAAACTTTCTTGGTTTCCAAACAAGAAATTTTCCATAAAATTCCATTGATTTATTATTAATAT TATCGAGT TGTTGAATAAATATATAGATATTTTTTT
S1A:left -10(29 bp) AAAAAAAAAAAAAATTAACAAACTAACTATTTAAARATTCATTCGATTCAAATTTAATTTTATAGTTAAGTAATC
S1A:right -10(29 bp) GGCTTGCCGCTAATGCAAGCATTAATGAAAGTATGAAGAATTTCTAATTCATTAAAGTATTATAGT TAAGGACAT
S1A:left 1416(74 bp) CTTCTGGGATTCTGCTAGTTCAAGTTGCAAAGATAAAACTTGTTTAAATGCTCCATCAACTACAGTTATTATTTAATATTTTCCAAATTAATTATCCA
S1A:right 1416(74 bp) CACTTGTTGAATTAACTGTGCAAGTATTTAAGAATGCTTAACAAAGGTCGTGTGTGGTGTTATAGTCGAAGAGAGAGATTTAATATAGAAAATTATTT
S1A:left 1835(28 bp) ATWMWWTMKATMWWMTMW&”
S1A:right 1835(28 bp) ACATCCTTGAATAGTTACTGATCCATTTACAGTTGCAGGGTTATTAGCAACACATGATGATATAGAT!
S1A:left 2591(370 bp) ATTACTAAACACCAAGCGAAACATGCACAGTCGTTTATAAAGT TGGAGCACTGGGATGTGTATTCTAAAATTAACAAAAATACATTATTTTACTTTTTATAARTATTTGC
S1A:right 2591(370 bp) TGTGAGTGTTTTATGGCATTAAGCTTGTGTCATATAGTCTGTACAATTAGCTGATCGTGGTATTGAGAAGT TAAGAAATAAAATGATGGAT TATTCAATAATTTTAATCG
S51A:1left 4404(77 bp) AGGTTTGAATGATAGTAAATGTTCAGCTTACAACGCAGCTTGCACATCTCTAGTTGATGGPATTGTGGTGTTATTTTAAAAAGTAATATATT TTTTAAA
S1A:right 4404 (77 bp) AAATACATTTATTTTGTGTGGTGTAATCTTTACAGTTTGCTTTTTCCTCTTAACAAGCAGTATGGTAGGTTTAAGT TTTTTTTATGAGAAAACCAAATA
S1A:left 4578(882 bp) mmammmmurnmcamcmrcm\cammccamcnncmmc‘rmmﬂnnmrmn'rmrrcwcrm'rﬂA
S1A:right 4578(882 bp) cmmmrcnam'rcnmcAmmmAmrnmmmmmcmmmmmmmnm'rcAA'rmAnrnﬂcmmnMc
S1A:left 6435(28 bp) ATGTGAATGGATACCAGCTGTTTTGAATGCATAAAATGTTGTTACTTCCCCTGCATATTGTATCGATAATATTGT
S1A:right 6435(28 bp) AACTAGCACAAGCTGCTTCGCTTGT TAAAGTTAGAGGTGCAGTACTACAAGTCTTTATTGTATAATATATTAATA
S1A:left 6649(370 bp) ﬂmmmmmrmumrmmmrmmmmArmmmrnrrnrmnnccmmcccmn
S1A:right 6649(370 bp) ccmcAc‘m:A'rccmc‘rcrmmmcA'racmcArcmm'rrccmrcmrcmcmnmmnﬂmmtmnrcnnmncwmnnc
51A:left 15885(54 bp) TCTTATATTGGATGATGATTAAAATATTATATAAGTAGCGGCGTCTACTGAAACATATTCTACAGTTTAGAATTCTCACCTGATAAAA
S1A:right 15885(54 bp) WMTAWTWMTMMWWKWWM

S1A:left 15637(47 bp) PATAGTCCTAATTGTGTAATTTNA
S1A:right 15637(47 bp) ArnmmmmmnAmmmwmcmmnm
156G:left 76 bp c‘rmcmﬂnummcnnumnmﬂmtmmnﬂmmmnrmnnﬂ'rrucu'rcmumca
156G:right 76 bp TATGGTAATAATAATTCTCTGTTTTTTTTATAATTTCAA
156G:left 67 bp mAmmrmmmmurmmnnnnmnmmcummnmnmnrmr'rr'rcn
156G:right 67 bp Ammnmmmmmmmnﬂmummmwnunmnr
a-51D:left 28 bp AAGCCAGAATTAAAACATAAGATGGAGTAGATGATTCAGGAAATCCCAAATACATTTATGTATACTAAAAGTAAT
a-51D:right 28 bp GGTTAAATCTGAACAAGCCAAATCTTTGCAAGCATTATTCAACCAACCACATTTTCCTGTTATAATTAATAGATA
a-51D:left 44 bp AAGCAGGAACTTGTGAAAATATTCCAAGCCCAACCAGTTAAGCTGATTGTGATATACATTTATAGTAATTTGAAAAATCATCT
a-51D:right 44 bp CWWWMMMWMMM&MWTATAMT
¢-51D:left 28 bp mmnmmtummwmnummummmrur
¢-51D:right 28 bp mwmmcmmmAnAmmcmcmnmmrunnmﬂA
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Figure 1. Analy§is of Paramecium IESs and flanking regions. (A) The ends and flanking regions of the 20 Paramecium IESs included in the analysis are shown. The
sequences are aligned at the 5’-TA-3’ direct repeat (bold type) that flanks each IES (note that one of the repeats is technically not part of the IES, as it is retained in
the macronucleus following excision). The 60 bp flanking each IES are negatively numbered, while up to 50 bp of the IES ends are positively numbered. For the
Pzetraurelia 51A (27; GenBank accession no. L26124) and 51B (29; GenBank accession no. U07603) surface protein gene IESs, the designations of the IESs
corresppnd to those used in the original description of the IESs, and refer to the position of the IES in the macronuclear DNA sequence. The sizes of these IESs are
s!10wn in parentheses. For the P.primaurelia 156G (28) and P.tetraurelia 51D (Schmidt, unpublished results) surface protein genes, the IESs are designated by their
sizes. Left and right ends of the IESs are based on their orientations in the previous publications. Complete flanking sequences were not available for the left end of
the 51A gene IES 15637 and the right flanking region of the 156G gene 76 bp IES. (B) A histogram displaying the results of the statistical analysis of base composition.
Base frqq_uency versus positions within the IESs and flanking regions is displayed. Only those positions where a statistically significant deviation from random base
composition (i.e., > expected mean + 3 S.D.) are plotted. Significant positions for A, G, C and T are shown as solid black bars, while significant positions for a
combination of two bases are shown as open bars. For simplicity, in cases where a single position displayed a significant deviation from random base composition
for more than two bases and/or combinations of bases, only the base and two base combination with the highest frequencies are shown. The overall base frequencies
for the flanking regions are: G =0.17, A =0.35, T = 0.32 and C = 0.16. For the flanking regions, where N = 38, a base or combination of two bases had to be present
at a given position in excess of the following values to be considered statistically significant: G > 13, A>22,T>20,C>12,GorA(R)>29,Cor T (Y)>27, A
or T (W)>34,GorC (S)>21,GorT (K)>27, and C or A (M) > 28. The overall base frequencies for the IES regions are: G=0.11,A=040,T=041andC =
0.08. For the first 15 positions of the IESs, where N = 40, a base or combination of two bases had to be present at a given position in excess of the following values
to be considered statistically significant: G > 10, A>25,T>25,C>8,R>29,Y>29, W >39,S>15,K>30and M > 28.
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E. crassusTec!l & Tec2: 5 L. 3!
Paramecium IES Consensus: 5°' vl 3!
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Figure 2. Comparison of the deduced consensus sequence for the Paramecium IESs with the sequences at the ends of the E.crassus Tec1 and Tec2 transposons (26)
and with the consensus for the Tc1-related transposons (34-37). Identical bases are highlighted with a black background, and similar positions (e.g., G versus R) are
highlighted with a stippled background. R=GorA,Y=CorT,K=GorTand S=CorG.

51A -10 caaatttaattt TATAGTTAAGTAATCA....... ATGTCCTTAACTATAatacttt .aatg
e L I O I O T I | Frrbiribrvverne v
51B -11 taaacctaaagt TATAGTATAATCCCATCATATCTCTAATTTCAACTATAatacttttaatg
HIA 146 cCal CaacTACAGTTATTATTTANTATTTTCCANATTANTTATCCAAAATAATTTTCTATATTAAATCTCTCTCTTCGACTATAACaccacacacq
N R e N RN | [ | (]
51B 1417 ccatcaacTATAGTAATTTTATAATAATAT . . .ccoveveecenossssnsccsassons TTATATAATAATTATATAGGTATAatactactaatg
S51A 6435 cctgatattgTATCGATAATATTGTTATTAATATATTATAcaataaagacttg
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51B 5464 aagcatattgTATTAATAAATTTATTTTATTTCTTCCATACtgttaagacttg

Figure 3. Pairs of IESs interrupting paralogous surface protein genes 51A and 51B of Ptetraurelia. Sequences were aligned to exclude gaps from ends. Vertical bars
connect matching nucleotides. IES sequences and flanking TA direct repeats are in upper case letters; macronuclear sequences are in lower case (one TA repeat is
retained in the macronucleus). The underlined sequences at the top of the first alignment represent the start codons for the 51A and 51B genes.

regions (Fig. 1A; 27-29; H. Schmidt, unpublished results). The 4

variable surface proteins represent a group of related major cell
membrane proteins that are generally expressed in a mutually
exclusive manner under different environmental conditions (33).
The genes encoding these surface proteins constitute a multi-gene
family that appears to have arisen by duplication of an ancestral
gene.

To determine if significant sequence similarities exist within or
around Paramecium IESs, we aligned each end of the 20
Paramecium IESs relative to the 5’-TA-3’ direct repeat that flanks
each IES (Fig. 1A), and then performed a statistical analysis on
each position to look for non-random base composition. In the
alignment, we included the 60 bp flanking each IES plus up to 50
bp of the IES itself (in cases where the IES was <100 bp long, the
IES was divided into two equal halves, omitting the central base
for IESs with odd numbers of bp). Nucleotides found at a
particular position more often than predicted by the local base
composition were then identified by a statistical method (see
Materials and Methods). Furthermore, separate analyses were
carried out on the flanking regions and on the IESs per se, as the
flanking regions usually represent coding regions that are more
GC-rich (33% GC) than the IESs (19% GC; note that this is a
conservative approach that minimizes the possibility of particular
positions appearing to have non-random base composition simply
because of an unusual overall base composition of a sub-region).
In these analyses, the expected mean occurrences for each base
(G, A, T or C), and for all possible combinations of two
alternative bases (G or A, Cor T, A or T, etc...), were calculated
along with standard deviations. Particular positions where the
occurrence of a given base, or two alternative bases, exceeded the
expected mean occurrence by three standard deviations were then
considered to have statistically significant deviations from
random base composition.

This analysis identified a cluster of such positions at the ends of
the Paramecium IESs (Fig. 1B). This region includes the first 8 bp
of the IES ends, beginning with the 5’-TA-3’ direct repeat. A few
additional significant positions are present in the IESs and flanking
regions, but these are isolated and, hence, their biological
significance is dubious. Based on this analysis, a consensus
sequence of 5'-T100A1.00Y0.95A0.70Go.78Y0.83NRo.78-3" (sub-
scripts denote the frequencies of the bases in the IES sample) was
deduced for the Paramecium IES ends. This result has a number
of implications. First, it implies that Paramecium IESs have
inverted terminal repeats, although the repeats for an individual
IES are often imperfect. Secondly, it indicates that the IESs are at
least functionally related, and have perhaps derived from a
common ancestor. Finally, as shown in Figure 2, the deduced
consensus sequence for the Paramecium IESs is very similar to the
ends of the E.crassus Tec elements (26), as well as to the ends of
the family of Tc1-related transposable elements (34-37), suggesting
that the Paramecium IESs are also related to these transposons.

We also note that the sequence similarity at IES ends may extend
internal to the first 8 bp. The statistical analysis was also repeated
using a significance cut-off of the expected mean plus two standard
deviations (not shown). Many more statistically significant
positions were detected throughout the regions analyzed, but a
cluster of significant positions was still discernible at the IES ends,
and in this case the cluster extended to position 14.

Conserved features of IESs in paralogous surface
protein genes

An additional indication that the termini of Paramecium IESs are
important was obtained from an analysis of IESs in paralogous
surface protein genes. Scott ez al. (29) have noted that three pairs
of IESs (Fig. 3) exist at the same locations in the micronuclear
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copies of the 51A and 51B surface protein genes. This implies that
these pairs of IESs were present in an ancestral gene prior to the
duplication event that gave rise to the present day loci. As such,
the two IESs of a pair diverged from a common ancestor and also
represent paralogous sequences. Sequences within such paralog
pairs that are required for function are expected to be conserved,
while non-functional sequences should be subject to both
mutation and deletion.

Scott et al. (29) have noted a trend towards terminal sequence
conservation for paralogous pairs of IESs and we present a more
thorough analysis in Figure 3. The sequences of the paralogous
IESs have generally diverged, but there is a clear trend towards
conservation of terminal sequences. This is most evident for both
ends of the 51A —10/51B —11 IES pair, the left ends of the S1A
1416/51B 1417 IES pair, and the left ends of the 51A 6435/51B
5464 IES pair (Fig. 3). In each of these cases, at least seven of the
nine terminal bases are identical. The remaining two IES ends
show conservation only of the terminal 3 or 4 bp. Overall, the
results indicate that it is only the terminal sequences that have
been evolutionarily conserved.

It is also noteworthy that the members of two of the paralogous
IES pairs have undergone changes in size. The 51B —11 IES is 36
bp long compared with the 29 bp 51A -10 IES, while the S1A
1416 IES is 74 bp long compared with the 43 bp 51B 1417 IES.
This suggests that the IESs have undergone various degrees of
loss of internal sequences during evolution (it is also formally
possible that one member of the paralogous pair has gained
sequences during evolution), and may be converging on the
minimum IES size. There is also some indication of a minimum
size for IESs if one considers the entire size distribution of the 20
IESs shown in Figure 1A. The IES lengths are 28, 28, 28, 28, 28,
29, 36, 44, 44, 47, 54, 67, 74, 76, 71, 71, 370, 370, 416 and 882
bp. It is thus evident that there is a cluster of IESs in the size range
of 28-29 bp. This suggests that smaller IESs (i.e. <28 bp) cannot
be excised efficiently either because of steric constraints or
because they do not possess sufficient sequence information to

specify excision.

The predictive value of profiles of Paramecium IES ends

The computer programs PROFILEMAKE and PROFILEGAP
(32) were also employed to determine if the sequence similarity at
the ends of the Paramecium IESs was significant and if sufficient
sequence information was present to detect IESs in the micro-
nuclear DNA of Paramecium and other ciliates. PROFILEMAKE
evaluates a series of aligned DNA sequences to generate a
position-specific scoring table, or profile. A profile is, in effect, a
weighted consensus in which a nucleotide that is frequently present
at a position receives a high value while an infrequent nucleotide
receives alow value. PROFILEGAP then uses this profile to search
a query sequence (in this case a micronuclear DNA sequence) for
the highest scoring match. In the current analyses, default program
parameters were used in constructing profiles and conducting the
searches except that: (i) GC base pairs were given an increased
weighting because of their scarcity in IESs, and (ii) paralogous
IESs received a reduced weighting in constructing profiles to avoid
over representing the information present in these closely related
sequences (see Materials and Methods for details).

Initially we sought to determine if the information present at [ES
ends was efficient in identifying IESs within Paramecium micro-

nuclear DNA. For this purpose a profile (profile A) was constructed
from the first 15 bp of all of the IES ends shown in Figure 1A, except
the ends of the three pairs of paralogous IESs in the 51A and 51B
genes. Profile A was then used to search the complete micronuclear
51A and 51B gene sequences for the omitted IESs. This approach
was taken because sequences used to construct the profile can ‘vote
for themselves’ (38,39), and this strategy avoids this potential
problem. The top 0.3% matches to the profile were determined for
the complete sequences of both the micronuclear 51A and 51B
genes (Table 1). A total of 12 ends of the paralogous IESs are present
in the A and B genes (six in each), and eight of these were detected
among the top 0.3% matches. If one considers all IES ends present
in the 51A and 51B genes, including those used to construct the
profile, 20 of 26 were detected in the top 0.3% matches (Table 1).
Thus, the profile is effective for identifying Paramecium IES ends.
It is not, however, a perfect predictor, as all IES ends were not
identified and a significant number of sequences that are not destined
for development excision were detected by the profile (e.g. of the top
0.1% matches in the 51B gene, five were bona fide IES ends and 12
represented non-IES ends).

We next asked whether a profile derived from Paramecium IES
ends was effective in detecting IES ends present in the
micronuclear DNA of another organism. For this purpose a
second profile was constructed (profile B) from the first 15 bp of
all of the Paramecium IES ends, and used to search the
micronuclear LEMICV sequence of the hypotrichous ciliate
E.crassus (17,23; GenBank accession no. M28500). This
micronuclear DNA sequence contains five small IESs, all of
which are bordered by 5’-TA-3’ direct repeats. The profile
detected two of the 10 IES ends, both within the top 0.1% of the
matches (Table 1). Although the success rate was depressed in
this case relative to Paramecium, it should be noted that two of
the IESs in the E.crassus LEMICV sequence appear to be
unusual, and perhaps a distinct class, as they display an unusual
base composition and are excised later than the other IESs (23).
If these two IESs are discounted, two of six possible E.crassus
IES ends were detected.

Profile B was also used to search a sequence file representing
the complete E.crassus Tecl and Tec2 transposable elements (40;
GenBank accession nos L03359 and L03360). The two Tec2
ends, which are identical, were detected among the top 0.1% of
the matches, but the Tec1 ends (also identical to each other) failed
to appear among the top 0.3% of the matches (Table 1). Detection
of the Tec2 ends but not the Tec1 ends was initially puzzling, as
the first 9 bp of the two elements are both identical and universally
conserved (26). Further examination of the profile and sequences
indicated that this result is likely due to the fact that Paramecium
IESs and Tec2 elements usually have A residues at positions 13
and 14 (Fig. 1A; 26), while Tecl elements frequently have T
residues at these positions. Thus, there is some indication that the
Paramecium IESs share a closer relationship with Tec2 as
compared with Tecl.

Finally, as a negative control, the O.nova micronuclear
sequence of the R1 gene (7) was searched with profile B. This
sequence contains five IESs, but none of them is bordered by
5’-TA-3’ direct repeats. None of these IES ends was detected in
the top 0.3% matches (Table 1). Thus, the profile derived from the
Paramecium IESs is not effective in detecting all IES ends, but
displays specificity toward developmentally eliminated DNA
sequences that are bordered by 5’-TA-3’ direct repeats.



Table 1. Results of IES profile analyses
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Micronuclear sequence searched Length (nt)2  Total IES ends present IES ends detected among top profile matches

0-0.1% 0.1-0.2% 0.2-0.3% Total (0-0.3%)
Paramecium tetraurelia 22270 6 (18) 209 24 o(1) 4 (14)
51A geneb
Paramecium tetraurelia 17 214 6(8) 3(5) 0(0) 1(1) 4(6)
51B geneb
Euplotes crassus 7570 10 2 0 0 2
LEMICYV locus®
Euplotes crassus Tecl 21262 4 2 0 0 2
& Tec2 transposons®
Oxytricha nova 4070 10 0 0 0 0

R1 locus®

aThe stated lengths of sequences represent both DNA strands.

bProfile A was used to search for IES ends. Values given are for the paralogous IES ends only, while values in parentheses include all of the IES ends.

“Profile B was used to search for IES ends.

DISCUSSION

Relationship of Paramecium IESs to IESs in other ciliates
and transposons

Both the statistical and profile analyses lead us to conclude that
the Paramecium IES ends consist of similar inverted terminal
repeats, with a consensus of 5-TAYAGYNR...3’ (Fig. 1; Table 1).
E. Meyer (personal communication) has independently reached
a similar conclusion using a somewhat different statistical
approach. We believe that at least some of the nucleotides
represented in this consensus sequence interact critically with
components of an IES excision system (see below). How did
these 40 IES ends evolve to have this similarity? There are two
obvious possibilities, in a clear parallel to the on-going debate
over the early versus late origin of spliceosomal introns (see 41
and references therein). On one hand, these IESs may have
evolved from sequences that existed in their respective genomic
locations since the initial creation of the genes they interrupt. In
concert with the elaboration of a developmental DNA excision
system, sequences whose removal was beneficial to the organism
would have come under selection to retain adaptive mutations at
their ends that enhanced excisability. That is, the IES ends are
similar today because they converged from non-homologous
sequences. Alternatively, these IESs may all be homologous
(paralogous) because they arose from a single IES sequence
through a series of duplications, most plausibly by transposition.
Thereafter, these sequences suffered mutations, and purifying
selection eliminated IES end mutations that hampered excision.
That is, the IES ends are similar today because they are
homologous, and the similarity reflects conserved features
retained from the original IES sequence.

It is difficult to distinguish between the adaptive convergence
and constrained divergence explanations. However, several
aspects of our results support the duplication—divergence—
conservation alternative. First, of the 20 Paramecium IESs we
analyzed, at least some are clearly homologous because they
interrupt identical positions in paralogous genes (Fig. 3). In each
of these three cases we feel safe in concluding that the two
members of a pair have diverged from a common IES sequence
and that the end sequences have been conserved (while central
sequences have diverged and been deleted down to a minimum

length of 28-29 bp). Secondly, the Paramecium IES consensus
sequence bears strong similarities to the ends of the E.crassus Tec
transposons and Tc1-related transposons (Fig. 2; Table 1). Like
all transposons, these elements form paralog families in their host
genomes. The Tec and Tc1-family elements have previously been
related by virtue of possessing homologous transposase genes
(39), and form part of a large transposon family that includes
Oxytricha TBE1, a subfamily of 1S630-related bacterial el-
ements, and the widely distributed eukaryotic mariner subfamily.
Like the Paramecium IESs, most of these transposons are
bounded by 5’-TA-3’ direct repeats that are likely the result of
target site duplications upon insertion (39,42). Furthermore,
several of the eukaryotic elements in this large family have a
propensity for somatic excision (39). The ciliate Tec and TBE1
elements undergo an extreme form of somatic excision, as all
copies are excised during macronuclear development (17-20).
The similarity of the Paramecium IES ends to those of some
members of this family thus suggests that the Paramecium IESs
were generated by an element of this family, and that the
Paramecium IESs are homologs.

These results provide additional support for the previously
suggested hypothesis (reviewed in 3,4) that IESs are ancient
copies of transposons that were both transpositionally active in
the micronuclear genome and also able to undergo controlled
excision during macronuclear development. One scenario is that,
over the course of evolution, some copies of the transposon lost
sequences not required for developmental excision to give rise to
the current IESs. It will clearly be of interest to determine if
Paramecium harbors a large transposable element that is related
to the smaller IESs.

Our study, indicating that the Paramecium IESs are related to
both the Tec elements and at least some of the IESs of E.crassus,
represents one of the few instances where clear similarities in
sequences subject to development elimination have been noted
for different species of ciliates (also see 10,43). We also note that
arecent analysis of multiple alleles of an IES with 5’-TA-3’ direct
repeats in O.fallax and O.trifallax indicates that its terminal
sequences are conserved, and that these terminal sequences are
quite similar to the Paramecium IES consensus (A. Seegmiller,
K.R. Williams, R. L. Hammersmith, T. G. Doak, D. Witherspoon,
T. Messick, L. L. Storjohann and G. Herrick, submitted for
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publication). Similar analyses of the three other IESs identified in
these species, which have direct repeats of different length and
sequence, also indicate that only terminal sequences are con-
served, but the conserved sequences differ among these IESs and
are unrelated to the Paramecium consensus. Thus, these results
suggest that only a subset of the IESs in O.fallax and O.trifallax
are related to the 5°-TA-3’ direct repeat IESs of Paramecium and
E.crassus.

There are at least two possible ways to explain these various
inter-specific relationships based on the transposon-based scenario
suggested above. First, the transposon precursor of these IESs
may have already existed in the common ancestor of these various
species. Alternatively, there may have been multiple independent
invasions of the micronuclear genomes of these species by related
transposons. The latter scenario is not unreasonable, as at least
some members of the Tcl-mariner-1S630 family, the mariner
subfamily, appear to have independently invaded a wide range of
species (44). The analysis of IESs in orthologous genes in
different ciliate species could help resolve this issue.

Finally, we must emphasize that although the current data
provide an indication of the relatedness of deleted DNA segments
in different ciliates and their origin from transposons, it is still
difficult to support a unified picture for the origin of all IESs.
First, there are differing views as to whether the hypothesis that
IESs are derived from transposons is reconcilable with the
observation that flanking DNA sequences are necessary for one
particular DNA excision event in Tetrahymena (2,3,16,21).
Secondly, as discussed more thoroughly in the Introduction, there
remain many IESs in ciliates that vary in their terminal sequences
and, hence, appear to be unrelated to the group defined in this
study. Thus, it is currently unclear whether these other IESs have
arisen from independent transposable elements present in ciliates
or if they arose by a completely independent mechanism.

Role of the conserved IES termini

The sequence conservation at the IES termini implies that they are
involved in some required function. We suggest that these
sequences may play a role in either the developmental excision
process or in transposition, as terminal sequences frequently play
amajor role in other transposition and site-specific recombination
systems (reviewed in 45). Of these two possible functions, a role
in excision seems to be the more likely. Excision must occur to
generate functional macronuclear genes, so that there is continual
selection to maintain features of IESs required for excision.
Transposition of IESs on the other hand is unproven at this point,
and we can envision no selection that would maintain the ability
of IESs to transpose, unless, as discussed previously (21),
excision and transposition are related processes.

One obvious question that arises is whether the sequences
present at the IES ends are sufficient to specify excision. At face
value, the computer profile analyses seem to indicate that the
information at IES termini is insufficient to uniquely identify
IESs, as not all IES ends were detected among the top profile
matches and many non-IES ends received high scores. This might
represent a failure of the profile procedure to accurately weight
the positive and negative contributions of particular positions
within the terminal sequence. That is, the procedure may not
accurately simulate the features recognized by the excision
machinery. On the other hand, the IES terminal sequence may be
necessary but, on its own, insufficient to specify excision.

Additional cis-acting sequences would then be necessary for
uniquely identifying IESs for excision. Such additional sequence
information could, for instance, simply involve having a second
IES end in the proper orientation and within a specified distance
(we attempted to address this possibility using ‘two-ended’
profiles, but the results were difficult to interpret). Alternatively,
an additional sequence element involved in recognition and
excision may exist either internal or external to the IESs. Such
sequence elements might be analogous to the enhancer elements
that have been defined for other site-specific recombination
systems (e.g. 46) or the flanking sequence element that has been
shown to be necessary for the excision of an IES in Tetrahymena
(15,16). If such a sequence element were located at a somewhat
variable distance from the IES termini, it is unlikely that our
analysis of non-random base composition would have detected it.
In any event, the results presented provide a good indication that
the IES ends represent at least part of the cis-acting sequences that
are recognized by the cellular excision machinery. As such, the
terminal IES sequences provide a logical starting point for
attempting to identify the components of the excision machinery
that directly interact with the IESs.
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