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ABSTRACT

In Paramecium , as in other ciliates, the transcriptionally
active macronucleus is derived from the germline
micronucleus by programmed DNA rearrangements,
which include the precise excision of thousands of
germline-specific sequences (internal eliminated
sequences, IESs). We report the characterization of
micronuclear versions of genesencoding  Paramecium
secretory granule proteins (trichocyst matrix proteins,
TMPs) and Paramecium centrins. TMP and centrin
multigene families, previously studied in the macro-
nuclear genome, consist of genes that are co-expressed
to provide mixtures of related polypeptides that
co-assemble to form respectively the crystalline tricho-
cyst matrix and the infraciliary lattice, a contractile
cytoskeletal network. We present evidence that TMP
and centrin genes identified in the macronucleus are
also present in the micronucleus, ruling out the
possibility that these novel multigene families are
generated by somatic rearrangements during macro-
nuclear development. No IESs were found in TMP
genes, however, four IESs in or near germline centrin
genes were characterized. The only intragenic IES is
75 bp in size, interrupts a 29 bp intron and is absent
from at least one other closely related centrin gene.
This is the first report of an IES in an intron in
Paramecium .

INTRODUCTION

DDBJ/EMBL/GenBank accession nos U76539, U76540, U76541

The TMP and centrin multigene families, estimated to contain
(1100 andR0 members respectively, share several characteristics.
First, they are organized into subfamilies. Each subfamily codes
for a distinct protein, but within each subfamily, several genes
code for nearly identical proteins. All members of these families
so far characterized (12 TMP genes or gene fragments from three
different subfamilies; three ICL genes from the same subfamily)
contain short introns (between 23 and 29 5pJ), the small size
being a characteristic of all knoidarameciunintrons @-11).

The most unusual feature of these multigene families, however,

is that all members seem to be constitutively co-expressed, thus
producing mixtures of related polypeptides that co-assemble. We

have suggested that the use of multigene families to assure a
microheterogeneity of structural proteins may be a general morpho-

genetic strategy iRarameciun(5s,6).

Paramecium like all ciliated protozoa, presents nuclear
dimorphism; each cell possesses a somatic nucleusfueleus)
that is responsible for gene expression during vegetative growth
and a transcriptionally inactive germline nucleus (micronucleus) that
is involved in sexual processes (conjugation and autofertilization).
The germline micronucleus is diploid and contains conventional
chromosomes of an average size of 2000 kb. The somatic
macronucleus has a DNA conté®00 times greater than the
micronuclear haploid value, divides amitotically during vegetative
growth and consists of small acentric chromosomes (50-800 kb).
During sexual processes, the micronucleus undergoes meiosis
followed by fertilization to form the zygotic nucleus. The old
macronucleus is degraded and a new one is formed by extensive,
programmed rearrangements of the DNA of a mitotic copy of the
zygotic nucleus 1(2), involving chromosome fragmentation,

The crystalline contents Bfarameciunsecretory granules and a amplification andle novaelomere addition, as well as the precise

number of elements of tHeéarameciumcortical cytoskeleton excision of thousands of germline-specific elements known as
have been studied at the protein level and are known to assenibternal eliminated sequences (IES3:15).

from heterogeneous families of immunologically related poly- Before tackling evolutionary questions raised by the TMP and
peptides 1-4). For both the trichocyst matrix proteins (TMPs)ICL families of co-expressed genes, it is important to see whether
and the major polypeptides of one of the cortical cytoskeletall of them are present in the micronucleus or are somehow
arrays, the infraciliary lattice (ICL), we have recently shown thagtroduced by somatic rearrangements during macronuclear develop-
most or all of this heterogeneity is situated at the level of primampent. As the only micronuclear sequences that have been
structure: both TMPs and ICL polypeptides are encoded kpharacterized so far iharameciurare the coding and flanking
multigene families,6). TMPs areéParameciunsspecific proteins regions of surface antigen gen&6-(9), it is also important to

(7), while the ICL polypeptides are centrins, EF-hand calciuroharacterize other micronuclear genes and, in particular, genes
binding proteins that have been highly conserved throughotitat contain introns. By screeningParamecium tetraurelia
eukaryotic evolutiong). micronuclear library 6), we have obtained evidence that the
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previously characterized macronuclear TMP and ICL genes diee T1 gene-specific probes, corresponding to the third intron of
indeed present in the micronucleus. No germline-specific sequeneegh of six members of the T1 subfamily, are as foll&)vs (

were found in the coding regions of TMP genes. However, an IESTl-a GTATGTATCCCTTGTTAACCCTTTCATAG:

was founq in an intron of a germline centrin gene. Furthermore,_l_l_b GTAACCAATCCTTATTAAGTCGCCCTAG:
tmh:zrc:EuSclclesaribesnetﬂ; ;rgr:r; at least one other closely reIatedTl_C' GTAATGTCTAATTGATATATCCTCTAG:
T1-d: GTAATTCTAACCTAATATCCTATAG;
T1-e, GTAATTCTAACAACTTAAATGATAG;
MATERIALS AND METHODS T1-f, GTATTCTATTTTCTCATTCCTAG.

Isolation and characterization of phage clones For these oligonucleotide probes hybridization temperatures
were between 43 and 82, according to the estimatégl of the

A library constructed iIAGEM-11 withParamecium tetraurelia  hybrids. The membranes were then washed at the same temperature

(stock 51) micronuclear genomic DNA, partially digested wittchosen for hybridization with decreasing concentrations of SSC

SaBA, was kindly provided by John R.Preer (Institute of Moleculaglx SSC = 150 mM NaCl, 15 mM sodium citrate, pH 722)

Biology, Indiana University, Bloomington, INJL§); a library  in the presence of 0.1% SDSs 8SC for 30 min, followed by

constructed IREMBL3 with SatBA-partially digeste@aramecium  0.2x SSC for 20 min. Autoradiograms were obtained by exposing

tetraurelia (strain d4-2) macronuclear genomic DNA was a gifthe filters to Hyperfilm-MP films (Amersham).

of Eric Meyer (Laboratoire de Gntique Molculaire, Ecole Normale

Suprieure, Paris, France). The libraries were screened using REsuLTS

and ICL1 subfamily-specif2P-labelled probes (272 and 597 bp

respectively), obtained by PCR amplification in the presence dficronuclear TMP genes

32 : i . o .
[a I P]SATP az_descnbed %re\gousl%.(Selecte_?_hclones_were Our previous characterization of macronuclear TMP genes involved
isolated according to standard techniques. (The positive o getermination of complete sequences for three genes (T1-b,

phage plaques were further characterized by using the first roupd g T4-a) cloned from a macronuclear librally These

phage stocks as substrate for PCR amplification of T1- @ e genes, representative of three different subfamilies, code for
ICL1-selected gene regions. For each phage plagque stock, a S'Bﬂﬁeins that present a common organization but sharezs#

aliquot of the storage medium (SM; 0.1 M NaCl, 10 mM MgSO se : - ;
; . guence identity. For several other members of each subfamily,
0.01% gelatin, 20 mM Tris-HCI, pH 7.5) was heated 8Cr 45" sequences of gene fragments generated by PCR were

20 min. Aliquots of 0.Jul (about 1/1000 of the total volume of ; ; :
the stock) were then used for each PCR sample. The O”gonuclgstabllsheda). Southern blot experiments using exon sequences

. . ! . ” ; & probes allowed us to show that there are between four and eight
tides used to prime these reactions and their positions with resp ﬁgrent genes in each subfamily, consistent with the number of
to the gene maps, as well as the templates and primers use .

. o C itRrent sequences found among the PCR products. The introns
generate th&%P-labeled probes, are given in Figures 1A and 24, yoqe genes, and in particular six paralogous introns characterized
and their legends. The amplification products were then analyz

by Southern blot hybridization, using®aB-labeled probes either Pathe 1 genes, were shown 0 be unique elements in the

the subfamily-specific gene fragments used for library screeniq_g_1\/r§§7;§iC |3g838|(i)snr1](eadaggt§;constltute gene-specific proes (

or (for the T1 products) the gene-specific oligonucleotide probes, o et 1o characterize micronuclear TMP genes, a micronuclear

given below. Selected PCR products were recovered using ﬁﬁﬁa it i
) O ) ) ry (16) was screened by hybridization to a T1 subfamily

QIAqu'Ck spin kit (Qiagen), then clqned Into t‘?ma site of ._.specific exon probe (Fid). Twenty-two positive phage plaques

plasmid pUC18. Macronuclear and micronuclear inserts containi re chosen for further analysis. The first round stocks

the ICL1-d gene were identified and characterized by reStriCti%ntainin the partially purified phage particles. served as
diges_t_ion and Southern blot analy§is using the ICL1 SUbfam”%'ubstrate% for IgCR u%sir?g partiaﬂy geggnerate ,primers that
specific probefccR| phage restriction fragmentsA(s, 1.5and 5ty (570 bp of the T1 genes. The 22 PCR products were then

0.28 i:jb) were s(tjjbclpne(:]in:[%plasmid PUC&&ShNA S€qUENCeShridized with gene-specific probes consisting of synthetic
were determined using the T7 sequencing kit (Pharmacia). oligonucleotides that exactly correspond to the third intron of

each of six different T1 geneS)( Each gene-specific probe
PCR amplification hybridized to at least one amplification product and each
) . ] amplification product hybridized to no more than one gene-specific
PCR reactions (5(I) contained 200 pmol each primer, 0.1 mMMprobe (Fig.1B). This region of the T1 genes does not appear to
dNTPs and 2 U Tag DNA polymerase (Boehringer). Reactiongntain germline-specific sequences, as the amplification products
were overlayed with 50l mineral oil and carried out for 30 cycles were of the same size as those obtained using macronuclear DNA
of denaturation at 9C for 30 s, annealing at 48 for 45 s and  templates.

extension at 72 for 90 s, using an OmniGene Temperature As the library we screened was estimated to be contaminated

Cycler (Hybaid). with [20% macronuclear insertsd), we cannot prove, in the
absence of germline-specific sequences, that any given insert is
Southern blots of micronuclear origin. However, the consistency of the results

obtained for 22 clones strongly suggests that all T1 genes are
DNA was fractionated by electrophoresis through agarose gegieesent in the micronucleus and that the different T1 genes found
and transferred to HybondtNilters (Amersham) in 0.4 M in the macronuclear genome are not produced by reorganization
NaOH. Hybridizations were carried out according to Church anof the sequences during macronuclear development. Further
Gilbert 1) at 60°C (PCR-generated probes). The sequences efipport for this conclusion was obtained by cloning and
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- Figure 2. Characterization of ICL1 gene#)(Map of ICL1 genes showing
a macronuclear and micronuclear DNA regions that have been sequenced. The
g g ICL1 macronuclear genes previously characterized (6) are shown for reference.
e e b Coding and non-coding sequences, as well as PCR primers used for probe
R Sk generation and characterization of micronuclear library inserts, are represented
i i el i e as in Figure 1A. Germline-specific sequences (IESs) are represented by a black
y - box. To generate the ICL1 subfamily-specific probe (double dotted line), we
.‘ f used as template a cloned PCR-generated DNA fragment corresponding to the
£ entire coding region of the ICL1-b gene (6). The oligonucleotides used are: a,
5'-GGCACGAAGAGGATAGTAACCACCACCC-3 b, 3-GCAAAGGTC-
TTTTTTGTCATAATGTTGTAG 3. (B) Analysis of phage PCR products.
ICL1 amplification products were generated for each of seven first round phage
tocks, separated by 1.3% agarose gel electrophoresis and analyzed by
outhern blotting using the ICL1 subfamily-specific probe.

p £ F  #WiE

Figure 1. Characterization of T1 genesA)(Map of T1 genes showing
macronuclear and putative micronuclear DNA regions that have been
sequenced. The T1-b macronuclear gene previously characterized (7) is sho
for reference. Coding sequences are represented by gray boxes, introns by whi
boxes and non-coding sequences flanking the ATG initiation and the TGA
STOP codons by a thin solid line. On the upper part of the figure, arrows L. . .
indicate the positions of the PCR primers used to generate the subfamily-spSouthern blot and reverse transcription—polymerase chain reaction

cific probe for library screening (shown in the lower part of the figure as a(RT-PCR) experiments, revealed that at least three different

double dotted line) and to amplify phage DNA. A subclone of the macronucleabo_expressed genes, ICL1-a, ICL1-b and ICL1-c, code for nearly
T1-b gene (pmgh9; 7) was used as template to generate the T1 subfamily-s ; o . ' ;
cific probe. T1 gene regions that were amplified, cloned and sequenced aﬁgentlcal polypeptides and that these ICL1 polypeptides are

indicated in the lower part of the figure. The sequences of the oligonuclectide arame(?ium;entrins_- ) )
used are: a, 'B3AACACAAYGAWGCTATYGG-3; b, B-CAACTCT- The micronuclear library was screened with an ICL1 subfamily-
CAARTTATTGAAGGC-3; C, S-GGATGAGGAATTAGC-3; d, 3-TGGAA- specific probe (Fig2A) and seven positive phage plaques were
TTTTTAACAC-3'; e, S-CAGTAGAGTTCCCATT-3. (B) Hybridization of hosen for further study. As for the characterization of T1 genes,
phage PCR products with gene-speuﬂc_probes. T1 amplification products o e first round phage stocks were used as substrates for PCR. Fo
570 bp were generated for each of 22 first round phage stocks, separated I u_ \ p_ g Wi .u - u > . ul
1.8% agarose gel electrophoresis and analyzed by Southern blotting. The saré the amplification products obtained using primers that amplify
filter was sequentially hybridized with the T1 subfamily-specific probe and the ICL1 coding regions are the same size as the product of

different gene-specific intron probes (see Materials and Methods). In additionacronuclear DNA amplificationI[SOO bp' FigZB). Three other

to the results presented, the ICL1-d probe hybridizes with the PCR produc, e L
corresponding to phage 39 (data not shown). Three PCR products hybridize%mplmcaItlon products appeared to be larger @8gand data not

with none of the gene-specific probes; they may correspond to two other TSNOWN). )
subfamily members found in RT-PCR experiments (5) but whose gene (and The three PCR products of larger size were cloned and

therefore intron) sequences have not been determined. sequenced. Each one is identical to the macronuclear ICL1-b
gene, but with a 75 bp insertion in the second intron grighe

sequencing amplification products covering part (T1-a and T1-fjserted sequence presents all of the characteristiEmairaecium
or all (T1-b) of three different T1 genes (see Hig): the I,S. It Is bounded by the dinucleotideT&-3' and only one
sequences were identical to those previously obtained fBrTA-3' remains in the macronuclear sequence. The AT content

macronuclear T1 genes {; L.Madeddu, unpublished results). IS very high (92%). Finally, the ends of the element fit quite well
(6/7 nt match) the IES inverted terminal repeat consensus

established by Klobutcher and Herriei) on the basis of 20 IESs
from Parameciurnsurface antigen genes (Tal)e
TheParameciunCL, a contractile network that constitutes the The phages whose amplification products were the same size
innermost element of the cortex, is composed of six immunologis the product of macronuclear DNA amplificatidaMIC3,

cally related C& binding proteins 4). Distinct N-terminal AMIC4 andAMIC16, were purified to homogeneity by further
microsequences were found for four of the ICL polypeptides andunds of plaque hybridization. Restriction profiles of the phage
for one of them, ICL1, macronuclear DNA sequences wer@NA indicated thahMIC3 andAMIC4 contain the same insert,
obtained §; Fig. 2A). These sequences, along with data frondifferent from that oAMIC16. In order to obtain the correspon-

A micronuclear centrin gene contains an IES within an intron
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1 GOCACGAAGAGEATAGTAACCACCACCCTAACAACAMTAAGCCCCACCAC 50 appear to be in non-coding sequences. All three are of small size,
ARRGOQOQOPPPOQOOQQAPREPQ two being to our knowledge the shortest IESs found so far in
51 AAAAAAATTAAGCTGGCAAATTCAACCCAGCCGAATTTGTTAAGCCTGGA 100 Parameciun(26 and 27 bp respectively). The terminal repeats of
kKN Q&aG K FNPREFVEERGC these elements are given in TalleThe larger micronuclear
101 TTGACCGAAGAAGAAGTCTTAGARATAAAAGAAGCATTCGACTTATTTGA 150 EcadRI fragment whose ends we sequenced must contain another
pTEEEVLELDREAEDDLED 0.4 kb of IESs, in addition to the two that we characterized (26 and
151 TACAGATGGgtataatatcatacttatttattagTACTCAATCCATTGAT 200 45 bp) the ends of the Corresponding micronuclear and
Tee Tes e macronuclear fragments present the same sequences while theil
201 CCAAAGGAATTGAARGCTGCAATGACCTCATTAGGATTIGAAGCCAARAA | 250 size differs by(D.5 kb. We thus have identified a 5 kb region of

P K EL KA AMTSUL G FE A KN

the micronuclear genome which contains a minimum of four
IESs, and perhaps many more. In the context of the present
L ARG A TR A TR T TOC TG TG 350 analysis, they provide confirmation of the micronuclear origin of

T b F A B F L KL MOTARTS SE the AMIC4 insert and allow us to conclude that at least one
germline ICL1 gene (ICL1-b) contains an IES and at least one

251 CTAAACAATTTATCAAATGATTAGTGATTTGGATACTGATGGAAGTGGAC 300
¢ ® I vy ¢ M I s DL D TDG S G Q

351 AGAGATTCCAAAGCTGACATTTAAgtacataaatacattagatctaatct 400
R DS XK ADTIDQ (ICL1-d) does not.
401 atttttat t tattattaa t ta tt tt 450

Table 1.IES inverted terminal repeats

451 tttgattatatcactcaattcattctagAAAGTCTTCAACCTTTTCGATT 500

K VF NL F D S ICL1-b IES Left 5'-TACATTAG-3'  6/7

501 CAGAAAGAGCTGGAGTTATCACTTTGAAGGATCTCAGAAAAGTAGCTAAA 550 Right S-TATAATCA-3'  6/7

ERAGV I TLZXKTUDTLT RTEKV A K AMIC4 IES-1 Left 8-TATGGATG-3  5/7

551 GAATTAGGAGAAACCATGGATGATTCTGAATTGTAAGAGATGATTGATAG 600 Right S-TATAGATG-3'  6/7

ELGETMDTUDSETLG QEMTITDR AMICA4 IES-2 Left 5-TATTGTTG-3  6/7

601 AGCTGATTCTGATGGAGATGCTTAAGTGACCTTTGAAGATTTCTACAACA 650 Right S-TATACATA-3' 5/7

ADSDGD®AOQUVTFEDTFTYNTI AMIC4 IES-3 Left 8-TATAGTCG-3  7/7

651 TTATGACAAAAAAGACCTTTGC 672 Right S-TATAGTGA-3" 717
M T K XK T F A IES consensus 5-TAYAGYNR-3'

. . . . The inverted terminal repeats of the IESs characterized in the present study are
Figure 3. Sequence of the micronuclear ICL1-b gene. Coding nucleotides are moared with the inverted terminal repeat consensus established by Klo-
in upper case with the corresponding amino acids in single letter code bene p ; al rep L . Y
them. The two introns are in lower case and the IES which interrupts the seco tcher and Herrick (21) on the basis of a statistical analysis of 20 IESs from

intron is in underlined lower case. THeTB-3' terminal repeats of the IES are ~ Parameciumsurface antigen genes. The number of nucleotides that match the
in bold. The nucleotides corresponding to the PCR primers used to amplify thigonsensus is given to the right of each sequence.

sequence are in italics (see Fig. 2). DDBJ/EMBL/GenBank accession no.

U76539.

DISCUSSION

We have screenedRarameciummicronuclear library in search
ding macronuclear chromosome fragments, we screenedofigermline genes corresponding to members of two multigene
macronuclear library for ICL1 genes and, after purification ofamilies previously characterized in the macronuclear genome
several phages, identified one whose restriction profile was vey-7). The ensemble of the analysis provides direct evidence that
similar to that oAMIC3 andAMIC4. Subcloning oAMIC4 and ~ TMP and ICL genes identified in the macronucleus are also
of the corresponding macronuclear phad@AC10) inserts and  present in the micronucleus and that the macronuclear genes are
sequencing of the ICL1 gene contained in 1.5 and 0.E8#R  co-linear with the micronuclear ones. Evidence in favour of a
fragments (see Fig) revealed 100% identity of the micronucleardirect relationship between micronuclear and macronuclear
and macronuclear sequences and identify a fourth member of thembers of these families of co-expressed genes constitutes a
ICL1 subfamily, ICL1-d. The ICL1-d sequence (DDBJ/EMBL/ necessary prelude to consideration of the evolutionary issue they
GenBank accession no. U76540) is 95% identical to that of thgise, namely how and why a unicellular organism has generated and
ICL1-a gene ). Since the same sequence had previously beghaintains in its genome so many genes coding for very similar
found among RT-PCR products (L.Madeddu, unpublished oroteins. The only intragenic IES we found, in the ICL1-b gene,
servation), we can conclude that, like the other ICL1 geneerrupts an intron. Moreover, this IES is absent from other ICL1

ICL1-d is expressed. subfamily members.
As the germline ICL1-b gene contains an IES, while the ICL1-d

sequence obtained from the micronuclear library does not,
looked for IESs elsewhere on the 16 kb insert in order to veri
the micronuclear nature ®MIC4 . We sequenced the entire 1.5 kbThe four ICL1 genes that have been characterized share 85—-95%
EcdRI fragment containing part of the ICL1-d gene, as well as thaucleotide identity and most likely arose through duplication of
ends of a 4 kbEcdRl fragment found to be larger in the an ancestral gene. This is all the more probable as the positions
micronuclear phage digest than in the macronuclear oneftwo introns are strictly conserved among the ICL1 genes. One
Comparison of the sequences obtained for the correspondioigwo micronuclear ICL1 genes characterized contains an IES (in
macronuclear and micronuclear fragments allowed us to identifige second intron), while the other does not, indicating that an IES
three germline-specific sequences, presented in Hgaleng has been either gained or lost since duplication of the ancestral
with their positions on a restriction mapXflIC4. These IESs ICL1 gene. Another possibility is that the duplication(s) occurred

Ss in multigene families
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1

1

51

51

101

101

151

125

201

175

251

211

301

230

351

28

o

401

330

20

®

IESs 1, 2

TTTTAAAACTCAATATAAATGCTGGATTTTATATAATTAGCTTGAACAAA

RN RN NN AR N NN NN N AR RN NN ARy

TTTTAAAACTCAATATAAATGGTGGATTTTATATAATTAGCTTGAACAAA

TATATATATATATCAGGTTTTTAATATAATAATCTGCTTGATAACTATTA

PECPETERER TR TR LT

TATATATATATATCAGGTTTTTAATATAATAATCTGCTTGATAACTATTA

TATTATTtatggatgaatatctaatttcatctaTAATAATCAGTCAAATT

HITH RRNAARRRRRRANNE

TATTATT. .. e e TAATAATCAGTCAAATT

ATGAATTAATAGGCCTAGACTTCTATTTTAAGTCGGTGTTTATGCTCTAA

PERLLRELTRTECEEEE R VR TV TR

ATGAATTAATAGGCCTAGACTTCTATTTTAAGTCGGTGTTTATGCTCTAA

ATTAGGAAAATTTAAAATGAGAACACAGATTTTAATLattgttgttrgaa

RN R RN SR RN AR AR RN AR RN A

ATTAGGAAAATTTAAAATGAGAACACAGATTTTAAT. . ... .vvv e vn

aatgacatttaagtttattcaaatttatgtaTATCAATTGTGTAATTTTC

PIVELERELETCEET b

............................... TATCAATTGTGTAATTTTC

GCTATAATCATACCTTCAATAATATTGGCCTAGACTATTAATTTGTATTA

PECERPEEEEEEECPE R TR R P PR LT T L

GCTATAATCATACCTTCAATAATATTGGCCTAGACTATTAATTTGTATTA

TATTTAGGAGATTCTAAGTGATTGTGAGAAGGATAGTATGCTCAAGGGAA

FEEPERECUR R LR TR

TATTTAGGAGATTCTAAGTGATTGTGAGAAGGATAGTATGCTCAAGGGAA
TGTTTAATCATTTAACCAATTCAGCGAATTC 431

PECEEE R EEL R LT

TGTTTAATCATTTAACCAATTCAGCGAATTC 360

IES 3

TGAAAtatagtcgaaattaaagtctcattcactaTATTTAATAGAGAAAT

I FIPETEREEETTET

50

201 TGARAA. .t vttt i e TATTTAATAGAGAAAT 221
258 TTAATGGACTGCTTTAATTGTACTATCAA 286

PECVEELEEEEEEL TR e i
222 TTAATGGACTGCTTTAATTGTACTATCAA 250

[}
12 3 ICLld
1 kb Nyt
IESs

This situation is similar to that found fBarameciumA and B
surface antigen genes, which share 70% nucleotide identity and
belong to a family af1.0 genes characterized by mutually exclusive
expressiond4). The 8 kb A gene contains eight IESs within coding
and immediate upstream sequenit.€} (vhile the B gene contains
only four IESs, three and probably all four of which are in conserved
positions with respect to the IESs of the A gé&i@ (t thus appears
likely that some or all of these IESs were present in the ancestral
surface antigen gene and were maintained, while the others were lost
or gained subsequent to gene duplication. Although IES position
seems to be conserved, the sequence and size of paralogous IESs a
highly variable, in favour of the hypothesis that only the inverted
terminal repeats, which resemble those of Tcl-related transposons,
and a minimal size (see below) are necessary for developmental
excision ofParameciumESs @2).

Small IESs and tiny introns

We report here the first exampleRarameciunof an IES in an
intron. In Tetrahymenaall known IESs are located in non-
transcribed regions of the genome with one exception: a germline-
specific sequence (named mse2.9) was found in an intron of a
gene of unknown functior2$). Since IES excision is imprecise
and generates some junction heterogeneifgtimhymend26),

it was suggested that IESs would not be toleratéetirahymena
coding sequencegf). Subsequent analysis of caryonidal clones
confirmed that excision of mse2.9 does generate considerable
junction microheterogeneit 7).

In hypotrich ciliates and iRarameciumlESs are found in both
coding and non-coding regioris3(15). Even ifParameciumES
excision is not always precise (an example of boundary microhetero-
geneity in excision of &.primaurelialES from a non-coding
region has been observed; A.Le Mouel, K.Dubrana and L.Amar,
personal communication), it clearly can be when IESs are situated
in coding sequences. Evaluation of more micronuclear genes is
needed in order to better evaluate IES distribution in coding and
non-coding regions of the genome.

The finding of an IES in an intron may provide a clue as to the
small size (19-33 bp) Bfarameciunintrons §—11). Not only are
these introns among the smallest characterized in any organism,
but their size is remarkably homogeneous: no introns of larger
size have yet been found. It is expected that these introns are
spliced by a classic nuclear spliceosome machi@éyygince a

Figure 4. Characterization okmic4. The lower part of the figure shows a preliminary statistical analysis of available intron sequences
restriction map of the phage insertSSt; X, Xba; H, Hindlll; R, EccRI. The indicates that they harbour at least some of the signals found in
shaded box represents the ICL1-d gene (whose complete sequence andymast and vertebrate nuclear introns (C.Thermes and Y.Daubenton-
upstream flanking region have been deposited in the DDBJ/EMBL/GenBan f | s Th lexi fth i
database, accession no. U76540) and the black boxes represent the IESs. graia, persona Commumcatlon)' € CQmp exity O. t € spliceo-
thick black lines over the map indicate the regions that were sequencedgOme and the number of genes involved in RNA splicing rule out
Comparison of the micronuclear sequences with the sequences of thendependent evolution of this processRaramecium It is,
corresponding macronuclear regions (ffom piigacio) allowed identii- ~ however, striking that the largest introns @6 bp in size (and
cation of three IESs, as shown in tl e upper parto the Igure. sequences retain .
in the macronucleus are in upper case and micronuclear-specific sequences %ﬁOSt frequently bordered by GTATAG.)’ while IESs (always_
in lower case. The'HA-3' direct repeats that bound each IES, one of which bounded by TA.TA) tend towards a size of 28 bp, th_e IES size
is retained in the macronucleus, are underlined. The sequence of the regidnost frequently found so far Rarameciumbeyond which their
containing IES 1 a_md IES 2 has been deposited in the DDBJ/EMBL/GenBanlﬁeve|opmenta| excision has been postu|ated to be inefficient
database, accession no. U76541. (15,22). Although highly speculative, it seems worth considering
the possibility that IESs which have become so small that they
escape DNA excision can turn into introns and be removed by
after developmental excision of the IES, thus fixing a macrasplicing. Such an adaptation to the removal of defectively small
nuclear version of the gene in the micronucleus, much as revel&Ss could have drivéParameciunintrons to their present small
transcription of spliced RNA molecules can create intron-fresize, by exerting selective pressure for optimization and specializ-
genes Z3). ation of the splicing reaction on very small substrates. It will be



interesting to perform somatic transformation experiments witty
the micronuclear ICL1-b gene in order to determine whether the
presence of the 75 bp IES within the second intron will inhibitg
RNA splicing. 10
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